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Summary

Cardiovascular disease (CVD), a group of disorders affecting the heart and the
vessels, is the leading cause of death worldwide. Atherosclerosis is the most
common CVD and is involved in the majority of deaths. Current pharmacological
interventions have succeeded to reduce morbidity from atherosclerosis, however
cardiovascular events still occur. Low-density lipoprotein (LDL) retention in the
arterial wall is considered the hallmark of fatty streak formation in early
atherogenesis. Histological and in vitro studies have highlighted the important
role of smooth muscle cells (SMCs) in initiation of atherosclerosis. Moreover,
studies have highlighted the important role of endothelial cells (ECs) in
atherogenesis with EC activation and dysfunction as a critical step during early
atherogenesis. Extracellular vesicles (EVs) have gained a lot of attention in
atherosclerosis progression and as therapeutic delivery vehicles in various
pathologies. EV signaling and their miRNA cargo have been shown to participate
in all stages of atherosclerosis progression. It was therefore hypothesised that
SMC-EVs under atherogenic stimulus participate in atherosclerosis progression via

a paracrine way of communication and transfer of their cargo.

Initial studies investigated the elution profile of EVs isolated via size exclusion
chromatography (SEC) from conditioned media from cultured human coronary
artery SMCs (HCASMCs). Characterisation of EV fractions isolated with SEC
identified the purest EV containing fractions which were chosen for future
experiments. EVs were isolated from the conditioned media of HCASMCs +/- oxLDL
stimulation and successfully characterised in terms of size, protein concentration,
EV marker detection, morphology and concentration of particles released from
HCASMC though no significant differences were observed upon oxLDL stimulation.
Next, the functional effects of SMC-EVs upon +/- oxLDL stimulation were
determined. It was found that oxLDL-EV uptake was significantly lower compared
to Control-EV uptake by human coronary artery EC (HCAEC). However, SMC-EVs
after +/- oxLDL stimulation had no effect on HCASMC cell viability or serum
induced viability and HCAEC cell viability.

Next, the small RNA cargo of SMC-EVs +/- oxLDL stimulation was profiled. Principal
component analysis (PCA) showed transcriptional alterations between Control-EVs
and oxLDL-EVs, however a mixed degree of separation was observed, possibly due

to heterogeneity between individual donor cells. Small RNA sequencing showed
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that oxLDL stimulation resulted in 4.5-fold downregulation of miR-125b-5p and
4.5-fold upregulation of 3 snRNAs, RNU2-7p, RNU2-29p, RNU2-57p in HCASMCs-
EVs. Successful validation of the RNAseq results was performed by real-time
quantitative polymerase chain reaction using samples from 4 patients to
determine the expression levels of miR-125b-5p and U2 snRNAs. A different
approach for RNA sequencing analysis identified miR-125b-5p and two other
miRNAs, miR-199b-5p and miR-199a-5p, to be downregulated in SMC-EVs after
oxLDL stimulation, while 3 different U2 snRNAs (RNU2-37p, RNU2-56p, RNU2-250p)
and a snoRNA, SNORD36B, were found upregulated in EVs after oxLDL stimulation.
MiR-199b-5p and miR-199a-5p were also successfully validated in SMC-EVs using
real-time quantitative polymerase chain reaction. Interestingly, miR-125b-5p was
identified to be differentially expressed in SMC-EVs by the two methods. Next,
cellular expression of miR-125b-5p was assessed after oxLDL treatment and miR-
125b-5p levels were found elevated in HCASMCs. However, miR-125b-5p
expression was significantly reduced in oxLDL stimulated HCASMCs after 48 hours
of EV secretion compared to control treated cells agreeing with miR-125b-5p
reduced levels in SMC-EVs after oxLDL treatment. Bioinformatic analysis for miR-
125b-5p identified 303 predicted and validated gene targets of miR-125b-5p.
Pathway enrichment analysis identified biological pathways that regulate cell
survival, cell growth and proliferation which are related to the disease. A pathway
hypothesis was formed using gene ontology (GO) analysis which identified 6 genes,
TP53, STAT3, SP1, ERBB2, ERBBE and PPP1CA. Pathway hypothesis suggested that
miR-125b-5p would regulate cell survival and proliferation via transcriptional

regulation of these genes.

Finally, the functional role of miR-125-5p loaded EVs in recipient cell
proliferation, migration and transcriptional regulation of TP53, STAT3, SP1,
ERBB2, ERBBE and PPP1CA was examined. MiR-125-5p loading into EVs was chosen
as it was previously found that oxLDL treatment resulted in miR-125b-5p
downregulation in SMC-EVs. First, successful loading into EVs and transfer of cel-
miR-125b-5p to recipient HCASMCs via EVs was shown. MiR-125b-p was successfully
loaded into SMC-EVs and EV characterisation showed no difference in terms of size
or concentration after electroporation. MiR-125b-5p-EVs did not affect recipient
HCASMC cell viability but they significantly suppressed HCASMC serum induced
proliferation. Preliminary scratch assay results after miR-125b-5p-EV treatment

indicated lower % of scratch closure (although statistacally non-significant) in
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serum induced HCASMC migration compared to Naive-EV treatment. No significant
changes in mRNA expression of target genes was found after 6 hours and 12 hours
of 5% FCS +/- EV treatment. It was also found that miR-125b-5p-EV treatment had
no effect on recipient HCAEC cell viability.

These findings led to investigation of the profile of EVs isolated from wild type
(wt) and apolipoprotein E (APOE) knockout (KO) mice under normal chow diet or
high fat diet. Basic characterisation of wt and APOE KO mice showed that high fat
diet did not alter the total body weight in both strains of mice. Imaging of paraffin
embedded aortic tissue sections showed no histological alterations in aortic tissues
from wt mice under both diets and APOE KO mice under standard chow diet.
However, lesions were observed in aortic arch and thoracic aorta sections but not
in abdominal aorta sections from APOE KO mice under high fat diet. Serum EVs
from wt and APOE KO mice were successfully characterised in terms of size,
particle concentration and detection of EV markers. Size analysis of serum EVs
showed no alterations in size of EVs from wt and APOE KO mice under both diets.
Serum EVs from APOE KO mice fed high fat diet had increased particle
concentration compared to wt mice under both diets and APOE KO mice under
standard chow diet. A pairwise comparison between wt and APOE KO mice on
either normal chow or high fat diet showed that serum EVs from APOE KO mice
fed chow diet had significantly higher concentration compared to serum EVs from
wt mice fed chow diet indicating that the mouse strain may influence the
concentration of circulating EVs. Secreted EVs from aortic tissues were
successfully characterised in terms of size and particle concentration and no

significant differences were observed between wt and APOE KO mice.

Next, miR-125b-5p levels were assessed in serum EVs from wt and APOE KO mice
under both diets. Relative quantification revealed that high fat diet resulted in
lower levels of EV-miR-125b-5p in wt and APOE KO mice, however not statistically
significant. Another quantification method where miR-125b-5p levels were
normalised to the particle concentration of each sample showed that EV-miR-
125b-5p levels in wt mice fed high fat diet still were lower, again statistically non-
significant, compared to wt mice under chow diet. However, this alternative
quantification method revealed that high fat diet resulted in increased but not
significant EV-miR-125b-5p levels in APOE KO compared to APOE KO mice fed

standard chow diet. MiR-125b-5p levels were also successfully detected in

XXiv



secreted EVs from aortic tissues indicating that EVs originating from the
vasculature package miR-125b-5p, though no differences were detected regarding

EV-miR-125b-5p expression between wt and APOE KO mice under both diets.

Altogether, these studies provide evidence that although HCASMC oxLDL
stimulation did not alter SMC-EV release, it did alter the small RNA cargo of SMC-
EVs resulting in miR-125b-5p downregulation. Significantly increased EV
concentration was observed in mice with experimental atherosclerosis and
analysis of these EVs showed lower miR-125b-5p-EV levels. Moreover, secreted EVs
from mice aortic tissues were isolated in these studied using a novel protocol and
miR-125b-5p was found to be packaged into EVs secreted from the vasculature. In
vitro studies showed that miR-125b-5p loaded EVs reduced serum induced HCASMC
cell proliferation but did not alter serum induced HCASMC migration. Finally,
these studies add to the knowledge of EVs and their cargo in VSMCs and in
atherosclerotic rodent models, but further work is required in the future to dissect
the mechanisms of action of the miRNAs and how EVs signal between different

cells in atherosclerosis.

XXV



Chapter 1 Introduction



1.1 Atherosclerosis

1.1.1 Cardiovascular disease

Cardiovascular disease (CVD) is a class of diseases affecting the heart and vessels
and is the leading cause of death worldwide causing more than 4 million deaths in
Europe each year (Mach et al., 2020). CVDs include coronary artery disease (CAD),
stroke, peripheral arterial disease, congenital heart disease, and deep vein
thrombosis and pulmonary embolism (WHO, 2019). Fundamental risk factors for
CVD include hypertension, hyperlipidaemia, obesity, diabetes and smoking
(Franco et al., 2011). Other characteristics including age, sex, and family history
of CVD have been linked with increased risk of future CVD (Wood, 2001).
Modification of risk factors is essential for CVD prevention and reduction of CVD
morbidity and mortality. Traditional approaches for CVD prevention had focus on
management of a single risk factor such as hypertension or hyperlipidaemia,
however, CVD is driven by multiple factors, so current prevention approaches take

into consideration multiple risk factors (Wood, 2001).

1.1.2 Atherosclerosis

Atherosclerosis is a chronic inflammatory disease where build-up of fatty deposits
in the arteries (atheroma) can cause myocardial infarction (Ml), stroke, unstable
angina and sudden cardiac death (Falk et al., 1995)(Lusis, 2000)(Libby et al.,
2011). Despite pharmacological advances in recent years, atherosclerosis is the
underlying cause of 50% of all deaths (Pahwa and Jialal, 2021). Clinical
manifestations of the disease include CAD, ischemic stroke, and peripheral arterial
disease (PAD) (Herrington et al., 2016). In 1995, William and Tabas, formulated
the Response-to-Retention Hypothesis of Early Atherogenesis, where they
suggested that lipoprotein retention in the arterial wall was the driving force of
atherosclerosis development in contrast with the earlier Response to Injury theory
formulated by Ross et al, in 1973 (Ross and Glomset, 1973)(Ross et al.,
1977)(Williams and Tabas, 1995). Current theory around atherosclerosis
progression is based upon the Response-to-Retention Hypothesis with Low Density
Lipoprotein (LDL) retention to the arterial wall to be considered the beginning of
atherosclerosis (Mach et al., 2020)(Borén et al., 2020). However, experimental
and clinical data indicate that inflammation drives atherogenesis along with lipid

retention (Libby and Hansson, 2019).

27



1.1.3 Epidemiology and risk factors of the disease

Atherosclerosis is a chronic condition where symptom manifestation is quite late
in life compared to disease initiation so to quantify the incidence of the disease
is challenging (Pahwa and Jialal, 2021). Atherosclerosis is the most common cause
of CVDs (Song et al., 2020). According to WHO, CVDs are the primary cause of
death worldwide with an estimated 32% of all deaths (17.9 million deaths) (WHO,
2019). Most common events causing death are MIs and stroke caused by an
occluded artery due to lipid deposition (Timmis et al., 2018)(WHO, 2019). In the
UK, it is estimated that 7.6 million people are living with a heart or a circulatory
disease while the annual number of deaths is estimated at around 168,000 (BHF,
2021). It is worth mentioning that since 1969, the death rate due to CVD has
decreased, however Glasgow, Scotland has the highest rate of premature death
due to CVD around the UK (BHF, 2021).

Hyperlipidemia, hypertension, diabetes mellitus, obesity and smoking are primary
risk factors for atherosclerosis but each one of these conditions alone cannot drive
atherosclerosis (Singh et al., 2002). Many epidemiological and Mendelian
randomization studies have shown a strong relationship between LDL-Cholesterol
(LDL-C) and progression of atherosclerosis (Baigent et al., 2010)(Collaboration®,
2012)(Willer et al., 2013)(Nikpay et al., 2015)(Ference et al., 2012)(Mach et al.,
2020). Modification and reduction of risk factors is one approach to reduce the

burden of atherosclerotic disease.

Epidemiologic studies of CVD usually assess CVD events such as MI or stroke to
point out factors associated with the disease’s progression. New study designs
focus on unravelling subclinical features for earlier detection and prevention of
the disease. A combination of non-traditional risk factors with family history of
premature CAD and physical inactivity can better predict coronary artery
calcification, a clinical feature of CAD (Desai et al., 2004)(Greenland et al., 2018).
The Multi-Ethnic Study of Atherosclerosis (MESA) found that coronary artery
calcification measurement could predict future CVD events like CAD, whereas
carotid intima-media thickness was a better predictor of stroke (Folsom et al.,
2008).
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1.1.4 Pathophysiology of atherosclerosis

The consensus mechanism of coronary atherosclerosis in humans suggests that
LDL-C subendothelial retention is the hallmark of the disease and also that the
endothelium consists of one cell layer (Subbotin, 2016). However, that model
disregards the fact that the endothelium consists of multiple cell layers and that
lipid depositions happen in the deepest layers of the endothelium (Subbotin,
2016). Clinical evidence have shown that lipoprotein retention is not responsible
for atherosclerosis initiation (Subbotin, 2016). In humans and large mammals,
intimal thickness happens after birth, and excessive cell proliferation transforms
intimal thickness to intimal hyperplasia inducing cell hypoxia and
neovascularisation (Subbotin, 2016). Coronary atherosclerosis is a result of
hyperplasia and subsequent effects facilitating LDL-C retention in coronary
arteries (Figure 1-1) (Subbotin, 2016).

The mechanism of plaque formation (Figure 1-2) resembles atherosclerosis
development in mice and not in humans as explained above. However, the
majority of literature describes the disease model as depicted in Figure 1-2, so

that model was described in detail below.
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Initial lipid depositon
in the outer pre-PIT from
adventitial vass vasorum

Figure 1-1 Schematic representation of coronary atherosclerosis mechanism in
humans.

(A) Human normal coronary artery with intimal thickness. (B) Increased cell
proliferation transforms intimal thickness into pre-pathologic intimal thickening
with cell undergoing hypoxia. (C) Neovascularization occurs in the pre-pathologic
intimal thickening with permeable vessels. (D) Cells in hyperplasia retain LDL-C in
the outer area. Adapted from ((Subbotin, 2016) published under a Creative
Commons CC-BY license).
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1.1.4.1 Fatty streak and lesion progression

Fatty streak formation can begin in early childhood and remain asymptomatic for
years (Song et al., 2020). High levels of LDL particles in plasma are linked with
coronary events, as seen in lipid lowering studies which result in reduced CVD
events (Shepherd et al., 2002)(Silverman et al., 2016). Numerous studies have
shown lipoprotein retention at atherogenic arterial sites is the hallmark of fatty
streak formation (Schwenke and Carew, 1989a)(Schwenke and Carew,
1989b)(Tabas et al., 2007)(Hermansson et al., 2010). Non-laminar and turbulent
blood flow (atheroprone flow) can alter endothelial susceptibility for LDL
retention and thus regional points in the artery with these hemodynamic
disturbances (artery bifurcations) are considered atherogenic sites (Figure 1-2)
(Zand et al., 1991)(VanderLaan et al., 2004). Endothelial cells (ECs) are sensitive
to molecular, mechanical and hemodynamic changes (VanderLaan et al., 2004).
Exposure to atheroprone flow results in nuclear factor kappa B (NF-kB) activation
and inflammatory cytokine expression (Kraiss, 2005). LDL retention and
inflammatory activation of ECs, results in vascular cell adhesion molecule-1
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) expression allowing
monocyte migration into the intact vessel wall (Cybulsky and Gimbrone, 1991)(Li
et al., 1993)(Khan et al., 1995). LDL oxidation in vivo takes place in the
subendothelial area of the artery (Matsuura et al., 2008). Oxidation to LDL lipid
components (phospholipids, cholesteryl esters and cholesterol) or ApoB100 occurs
enzymatically (e.g. peroxidases) or non-enzymatically (e.g. release of reactive
oxygen species by activated endothelial cells) (Kattoor et al., 2017)(Borén et al.,
2020). LDL oxidation in vitro has been shown to promote oxidised LDL (oxLDL)
uptake by macrophages (Singh et al., 2002). Hypercholesterolemia results in
upregulation of scavenger lipoprotein receptors such as Scavenger Receptor Class
A type | and Il (SRAI/II), Scavenger Receptor Class B, type | (SR-Bl) and CD63 in
monocytes which transform into macrophages, transmigrate into the sub-
endothelial space and take up oxLDL (Han et al., 1997)(Singh et al., 2002)(Osterud
and Bjorklid, 2003). OxLDL accumulation by macrophages results in the formation
of lipid-laden foam cells and is considered the hallmark of fatty streak formation
in the vessel wall (Singh et al., 2002)(Matsuura et al., 2008). B cells localized in
atherosclerotic plaques secrete antibodies expressing epitopes for oxLDL and

further enhance the inflammatory process (Borén et al., 2020).
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1.1.4.2  Atheroma formation

Typical atheroma formation describes lipid core and fibrous cap formation (Owens
et al., 2004). Figure 1-2 depicts several vascular modifications that follow LDL
retention in the vessel wall. When smooth muscle cells (SMCs) are under stress,
they can produce proteoglycans that facilitate LDL retention and oxidation and
thus promote inflammatory responses during lesion formation (Lee et al., 2001).
SMCs can express scavenger receptors, uptake LDL and contribute to foam cell
formation (Allahverdian et al., 2014). Another study showed that both ECs and
SMCs when treated with modified LDL in vitro produced the monocyte chemotactic
protein-1 (MCP-1), also known as chemokine (C-C motif) ligand 2 (CCL2), aiding
recruitment of inflammatory cells such as monocytes and SMCs exposure to
modified lipids also promotes the secretion of chemoattractants like the CCL2 and
the chemokine (C-C motif) ligand 5 (CCL5) which further promotes monocyte
recruitment (Cushing et al., 1990)(Stocker and Keaney, 2004)(Soehnlein and
Libby, 2021). SMC retain phenotypic plasticity, enabling them to undergo a switch
from a contractile, quiescent phenotype to a synthetic, proliferative and
migratory phenotype (Owens et al., 2004). Upon inflammatory stimuli, SMCs
dedifferentiate to a proliferative and migratory phenotype which contributes to
fibrous cap formation (Rzucidlo et al., 2007). Several studies have suggested
multiple stimuli responsible for SMC phenotypic switching including activated
macrophages (Rzucidlo et al., 2007), tumour necrosis factor-a (TNF-a),
interleukin-1 beta (IL-18) and interferon gamma (IFN-y) secreted from immune
cells (Barillari et al., 2001), TNF-a and IL-1B secreted from proinflammatory ECs
(Sorokin et al., 2020), platelet derived growth factor (PDGF) via inhibition of
contractile SMC proteins (Ha et al., 2015), oxLDL and oxidised phospholipids
(Cherepanova et al., 2009)(Vengrenyuk et al., 2015). This phenotypic change is
the critical step for intimal thickening and atherosclerosis progression (Rzucidlo
et al., 2007). SMCs contribute to fibrous cap formation by migrating and
populating the fibrous cap area and extracellular matrix production (Soehnlein
and Libby, 2021). SMCs that lack normal SMC markers can express macrophage-
like markers such as cluster of differentiation 68 (CD68) and galectin-3 (Gomez et
al., 2013). In atherosclerotic mice lesions, it was observed that 30-70% of
macrophage/foam cells were SMCs with similar findings in human lesions
(Vengrenyuk et al., 2015)(Shankman et al., 2015)(Y. Wang et al.,,
2019)(Allahverdian et al., 2014). Cordes et al., showed with single-cell RNA
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sequencing which allows the analysis of messenger RNA (mRNA) from a single cell
and fate-mapping technologies, which involves the marking of a group of cells or
a single cell during embryogenesis and tracing the descendants of these cells or
one cell after the development has been completed, that SMCs in lesions can
dedifferentiate into fibroblast- like cells (Cordes et al., 2009)(Tang et al.,
2009)(VanHorn and Morris, 2021).

Macrophages located in lesion sites can take up lipids and promote foam cell
formation. Interestingly, the number of macrophages has been found to
significantly increase (20-fold) in mouse aorta during atherogenesis underling their
contribution to foam cell formation and as a result lipid accumulation and
inflammation (Galkina et al., 2006)(Barrett, 2020). Macrophages can also enhance
inflammatory responses by releasing several cytokines (including IL-6, IL-12, IL-
23, TNF-a and IL-1B), chemokines (including CXCL-9, CXCL-10 and CXCL-11),
reactive oxygen species and nitric oxide (Poznyak et al., 2021). They also interact
with SMCs, enhancing the inflammatory response by secreting further
proinflammatory cytokines and extracellular matrix components, which further
promote lipoprotein retention and lipid core expansion (Barrett, 2020)(Poznyak et
al., 2021). The inability of macrophages to migrate results in a failure to reduce
inflammation, thus leading to atheroma progression towards an
advanced/vulnerable plaque phenotype (Barrett, 2020). Moreover, their inability
to migrate and resolve inflammation promotes macrophage apoptosis,
accumulation of dead cells at the plaque site and necrotic core formation (Barrett,
2020)(Poznyak et al., 2021). Under physiological conditions, clearance of
apoptotic macrophages and SMCs by phagocytes takes place, a process called
efferocytosis (Tabas, 2007). However, efferocytosis is defective in advanced
plaques promoting necrosis and thus the formation of a necrotic core (Tabas,
2007).

1.1.4.3 Calcification

Vascular calcification is prevalent in atherosclerosis and other pathologies and is
defined as mineral accumulation into the intima or media of the artery wall
(Kapustin et al., 2015). A meta-analysis study showed that vascular calcification
in the artery wall is linked with 3-4 fold increased risk for CVD events and mortality
(Rennenberg et al., 2009). Another study examined coronary artery calcium scores

validated with electron-beam tomography in asymptomatic patients and showed
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that coronary artery calcium could independently predict mortality (Budoff et al.,
2007). A meta-analysis study confirmed the results mentioned above showing that
the absence of coronary artery calcium was associated with low risk of
cardiovascular events (Abuzaid et al., 2021). However, other studies suggest that
plaque calcification is associated with plaque stability, stable fibrous cap
formation and limited macrophage infiltration (Shaalan et al., 2004)(Wahlgren et
al., 2009). Computerised tomography (CT) scans of calcified coronary aortas
showed increased SMC markers and decreased macrophage markers and
inflammation, characteristic of stable plaques (Karlof et al., 2019). Carotid plaque
calcification was proposed as a novel marker for ischemic event risk prediction
(Shaalan et al., 2004). On the contrary, microcalcifications located in thin usually
fibrous caps can advance plaque instability (Vengrenyuk et al., 2006). These
findings highlight the dual role of vascular calcification in atherosclerosis. A
possible explanation comes from high-resolution imaging and clinical data,
showing that microcalcification is found in areas with low levels of collagen
(collagen is responsible for formation of the thick fibrous cap (Nadkarni et al.,
2009)), whereas heavily calcified regions are bordered with collagen fibers
(Hutcheson et al., 2016). Studies showed loss of SMCs in calcified aortas and that
SMC phenotypic transdifferentiation to chondrocytic, osteoblastic and osteogenic
phenotypes drive the calcification process (Steitz et al., 2001)(Tyson et al.,
2003)(Speer et al., 2009)(Briot et al., 2014).

1.1.4.4  Advanced/vulnerable plaques

Most complications associated with atherosclerosis are caused due to plaque
rupture (Fishbein, 2010). A vulnerable plaque is characterised as a plaque prone
to rupture usually due to a thin fibrous cap (Fishbein, 2010). Pathological evidence
suggests that plaques with enlarged lipid cores, thin fibrous caps, prominent
inflammation in the area and limited SMCs and collagen present in the region are
prone to rupture; however, these data provide associations but do not provide
mechanisms explaining plaque rupture (Fishbein, 2010). The necrotic core
expansion due to macrophage and SMC cell death leads to increased inflammation
in the plaque region possibly because of phagocyte’s inability to further remove
cell debris from the area, thus transforming a stable plaque to a vulnerable plaque
(Bentzon et al., 2014). Increased proteolysis in atherosclerotic plaques has been
shown to contribute to plaque rupture (Chen et al., 2002). Activated macrophages

have been located in caps of ruptured plaques (Lendon et al., 1991). Macrophages
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secrete proteolytic enzymes like matrix metalloproteases (MMPs) that are
responsible for plaque destabilization and rupture through collagen degradation
(Gough et al., 2006)(Fabrice et al., 2008)(Quillard et al., 2011)(Peeters et al.,
2011). Detection of MMPs and other proteases has been proposed as a biomarker
for early vulnerable plaque detection (Chen et al., 2002)(Peeters et al.,
2011)(Scholtes et al., 2012). Two MMPs, MMP-8 and MMP-9, have been reported to
contribute to plaque destabilization and rupture by degradation of the fibrous cap
(Loftus et al., 2000)(Molloy et al., 2004).
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Figure 1-2 Atherosclerotic plaque formation

The diagram depicts both early and late stages of atherosclerotic development:
(A) Low density lipoprotein (LDL) retention to the vascular wall along with
disturbed flow induce the expression of adhesion molecules like vascular cell
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1)) on
ECs. Adhesion molecules are responsible for monocyte migration to the sub
endothelial space where they differentiate to macrophages. By uptake of oxidised
LDL (oxLDL), macrophages transform into foam cells. (B) Upon inflammatory
activation, foam cells undergo apoptosis and necrosis forming the lipid core of a
stable atherosclerotic plaque. SMCs contribute to the development of thick stable
fibrous cap via macromolecule secretion including collagen, elastin, fibronectin
and extracellular matrix. (C) A vulnerable plaque prone to rupture and subsequent
thrombus formation is mainly caused by a thin fibrous cap. Plaque rupture has
been associated with matrix metalloproteinase (MMPs) activity secreted from
macrophages. Adapted from ((Charla et al., 2020), published under a Creative
Commons CC-BY license).
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1.1.5 Role of SMCs and ECs in atherosclerosis progression
Endothelial dysfunction is a driving force in atherosclerosis and studies have
highlighted its prognostic value (Ludmer et al., 1986)(Bonetti et al., 2003).
Evidence suggests that endothelial dysfunction occurs early in disease progression
even when no structural alterations in the vessel wall are visible (Liao et al.,
1991)(Reddy et al., 1994). Many factors can affect normal endothelial function
including hyperlipidaemia, hypertension, diabetes, oxidative stress, disturbed
blood flow or pro-inflammatory cytokines (Gimbrone and Garcia-Cardefa, 2016).
Endothelial dysfunction leads to reduced production of nitric oxide (NO) and
impaired vasodilation while one of NO’s main functions is the prevention of LDL
oxidation (Hogg et al., 1993)(Davignon and Ganz, 2004). Moreover, ECs can
differentiate into mesenchymal stem cells (MSCs) a process known as endothelial-
to-mesenchymal transition (EndMT) (Souilhol et al., 2018). That transition comes
with the loss of endothelial markers such as vascular endothelial (VE) cadherin,
cluster of differentiation 31 (CD31) and von Willebrand factor and expression of
mesenchymal markers such as smooth muscle protein 22a (SM22a), alpha smooth
muscle actin (aSMA) and calponin (Frid et al., 2002)(Krenning et al., 2008).
Mesenchymal cells have been associated with plaque development, stability and
calcification (Bostrom et al., 2016)(Souilhol et al., 2018). Lineage tracking studies
in apolipoprotein E (APOE) knockout (KO) mice have confirmed the presence of
endothelial origin mesenchymal cells in atherosclerotic plaques (Chen et al.,
2015)(Evrard et al., 2016). In both studies, approximately 30% of all plaque cells
were mesenchymal cells expressing Notch3 or fibroblast activation protein and
had originated from the endothelium (Chen et al., 2015)(Evrard et al., 2016).

SMCs regulate vascular tone. To do so, mature SMCs are terminally differentiated
into a contractile phenotype expressing contractile proteins and ion channels
(Rzucidlo et al., 2007). However, they retain remarkable phenotypic plasticity and
can undergo phenotypic change towards a proliferative phenotype upon certain
stimuli (Rzucidlo et al., 2007). After vascular injury e.g., after stent implantation
or angioplasty, or exposure to pro-inflammatory or atherogenic molecules like
oxLDL, SMCs demonstrate increased rates of proliferation and migration,
increased synthesis of extracellular matrix proteins and decreased expression of
contractile markers (Rzucidlo et al., 2007)(John Liu et al., 2014). These processes
are considered key steps during disease progression (Rzucidlo et al., 2007). Studies

have showed that enzymatically modified LDL induces SMC phenotypic switching
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towards a migratory osteoblast phenotype (Chellan et al., 2018). Studies have also
shown phenotypic switching of SMCs towards a macrophage phenotype
(Vengrenyuk et al., 2015)(Chattopadhyay et al., 2021). A lineage tracking study
showed that macrophages with phagocytic activity and MSCs identified in
atherosclerotic plaques were of SMC origin (Shankman et al., 2015). Evidence
suggests that the phenotypic switching to a macrophage-like foam cell may
exacerbate the disease progression by reduced lipid clearance, expansion of
necrotic core and plaque size and promotion of plaque instability via reduced SMC
proliferation and strengthening of the fibrous cap (Vengrenyuk et al.,
2015)(Bennett et al., 2016). The phenotypic transition of SMCs during

atherosclerosis has a great impact on the disease development.

ECs and SMCs are key cell types populating the vessel wall and participating in
vascular homeostasis. Studies have focused on the role of individual cell types in
atherosclerosis progression, but little is known regarding EC-SMC communication
during disease development. Reports suggest that communication could be
facilitated by direct contact of these two cell types (Li et al., 2018). Other signals
like endothelium-derived hyperpolarizing factor (EDHF) or NO transfer from ECs
to SMCs via gap junctions is another way of interaction between these two cell
types in the vessel wall (Griffith et al., 2004)(Griffith, 2004)(Li et al., 2018).

1.1.6 Treatment of atherosclerosis

No current treatment can reverse atherosclerosis; however, current treatments
aim to slow down the disease’s progression. Managing atherosclerosis risk factors
could help slow down the disease and other heart or circulatory diseases
(Bergheanu et al., 2017). Studies have shown that risk factor modification like
adopting a healthy diet, active lifestyle and cessation of smoking have led to
reduced mortality, stoke or Ml incident (Libby and Theroux, 2005). Front-line drug
treatment for atherosclerosis involves statin prescription which inhibits the 3-
hydroxy 3-methyl glutaryl CoA (HMG-CoA) reductase, which catalyses the
conversion of HMG-CoA to mevalonic acid, an important step during cholesterol
biosynthesis, in order to reduce LDL-C in circulation for primary and secondary
prevention of CVD (Welsh et al., 2017)(Bergheanu et al., 2017). Clinical studies
have shown the positive effect of lipid lowering therapies with subsequent LDL
reduction and reduced cardiovascular risk in these patients (Aronow et al.,
2001)(Mihaylova et al., 2012)(Sabatine et al., 2015)(Mach et al., 2020). Other
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studies debate that statins have pleiotropic effects and can ameliorate
inflammation by reducing c-reactive protein (CRP) levels apart from reducing LDL-
C levels (Kinlay et al., 2003)(Goicoechea et al., 2006)(Ridker et al., 2008)(Ridker
et al., 2009)(Khurana et al., 2015).

Even though lipid lowering therapies have reduced cardiovascular risk,
cardiovascular events can still occur (Libby, 2005)(Geovanini and Libby, 2018).
Inflammation has been suggested to be responsible for the residual cardiovascular
risk after lipid lowering therapy so targeting the inflammatory pathway of
atherosclerosis could be an alternative approach to atherosclerosis treatment
(Welsh et al., 2017)(Geovanini and Libby, 2018). Clinical data from the
Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS) and the
Colchicine Cardiovascular Outcomes Trial (COLCOT) support that hypothesis,
showing that anti-inflammatory treatment resulted in the reduction of recurrent
cardiovascular events (Ridker et al., 2017)(Tardif et al., 2019). Targeting
inflammation as a secondary prevention measure seemed to be effective as seen
in the non-blinded “LoDoCo” trial (Nidorf et al., 2013). Co-administration of
colchicine with statins was able to prevent recurrent cardiovascular events (Nidorf
et al., 2013). The Justification for the Use of Statins in Primary Prevention: an
Intervention Trial Evaluating Rosuvastatin (JUPITER) clinical trial examined the
effect of preventative administration of rosuvastatin in healthy participants with
low LDL levels but elevated high-sensitivity C-reactive protein (hs-CRP) levels
(Ridker et al., 2008). The rosuvastatin group demonstrated significantly reduced
risk for future cardiovascular events (Ridker et al., 2008). Other potential anti-
inflammatory agents for atherosclerosis treatment have been proposed. Briefly,
some anti-inflammatory agents include: methotrexate, aspirin, inhibitors of
phospholipase A2 (PLA2) and cyclooxygenase-2 (COX-2), inhibitors of leukotriene
pathway, interleukin-6 (IL-6) inhibition, TNF-a inhibitors and IFN-y inhibitors
(summarized in (Charo and Taub, 2011)(Back and Hansson, 2015)(Chistiakov et al.,
2018)).

Another druggable target for atherosclerosis treatment is inhibition of proprotein
convertase subtilisin/kexin type-9 (PCSK-9). PCSK-9 is responsible for the
degradation of LDL receptors in the liver and inhibition of the enzyme results in
better liver absorption of LDL-C and lower LDL-C plasma concentration (Bergheanu

et al., 2017). PCSK9 inhibitors, alirocumab and evolocumab, were shown to
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effectively reduce LDL-C levels (Cannon et al., 2015)(Bohula et al., 2018). A
metanalysis of Studies of PCSK9 Inhibition and the Reduction of Vascular Events
(SPIRE)-1 and -2 clinical trials showed that both statin therapy and bococizumab
did not reduce residual inflammatory risk (Pradhan et al., 2018). The authors
suggest that around 47% of all participants received statin therapy and
bococizumab demonstrated residual inflammatory risk assessed by hsCRP levels
(Pradhan et al., 2018). Kihnast et al., showed that administration of alirocumab
alone and in combination with atorvastatin in APOE KO mice under high fat diet
resulted in reduced number of macrophages and reduced necrotic core in the
plaque area (Kuhnast et al., 2014). The authors suggested that alirocumab not
only reduced plaque size but improved plaque composition by reducing monocyte
and macrophage recruitment and increasing SMCs and collagen content (Kuhnast
et al., 2014).

RNA interference (RNAi) based therapies for atherosclerosis are also being
developed (Kettunen et al., 2022). This includes the use of small interfering RNAs
(siRNAs) and antisense oligonucleotides (ASOs) targeting mRNAs to reduce vascular
inflammation or lipid levels (Kettunen et al., 2022). Inclisiran, which targets
PCSK9, is a siRNA drug in phase Il clinical trials for homozygous and heterozygous
familial hypercholesterolemia which has been shown to cause a reduction in LDL
levels (Ray et al., 2020)(M. M. Zhang et al., 2021). Two other clinical trials are
ongoing to investigate the safety and efficacy of inclisiran and ORION-4 is
estimated to finish in 2026 will provide evidence regarding inclisiran’s effect on
cardiovascular outcomes (Byrne et al., 2021). Despite greater understanding of
the process of atherosclerosis and the development of new and innovative
therapies there is still a large global disease burden highlighting that increased
understanding of the disease and identification of new therapeutic targets is still

required.
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1.2 Extracellular vesicles

1.2.1 Biogenesis of extracellular vesicles

The term extracellular vesicle (EV) was first used in 1971 (Bonucci, 1970)(Aaronson
et al., 1971). EVs are small membrane-bound vesicles secreted from all types
under normal and pathological conditions. EVs have attracted increasing interest
recently for the role they may play in intercellular signalling in the setting of
health and disease and as biomarkers. EVs have been implicated in atherosclerosis
development in early and late stages of the disease (see later). The Minimal
Information for Studies of Extracellular Vesicles 2018 (MISEV2018) clearly state
that since no consensus has been reached as what could be a specific EV marker
for each category, categorising EVs based on a biogenesis pathway should be
avoided, instead the generic term EVs should be used (Théry et al., 2018). In this
study the biogenesis pathway of EVs with endosomal origin (traditionally called
exosomes) and the biogenesis of shedding EVs from the plasma membrane
(traditionally called microvesicles) will be described. These two vesicle types have
been studied the most regarding their role in cardiovascular pathology, including

atherosclerosis.

Classification of EVs is traditionally based on their size and biogenesis with 3
distinct categories: exosomes, microvesicles and apoptotic bodies (Boulanger et
al., 2017). Smaller EVs are called exosomes with sizes ranging from 30 nm to 150
nm while larger EVs are called microvesicles with sizes ranging from 100 nm to 1
pm. That overlap in size makes distinction between the two populations difficult.
Apoptotic bodies have larger sizes from 1 ym up to 5 pm and are released during
cell apoptosis (Charla et al., 2020). Biogenesis of EVs of endosomal origin begins
with the capture of active molecules from the extracellular space via invagination
of the plasma membrane during endocytosis (Figure 1-3). The early-sorting
endosome (ESE), an early station for eukaryotic cells to sort cargoes through the
endocytic pathways, is formed which either can mature into late-sorting
endosomes (LSEs), which is a later station of cargo sorting via the endocytic
system, or molecules can be recycled back to plasma membrane (Kalluri and
LeBleu, 2020). The LSEs are responsible for the biogenesis of intraluminal vesicles
(ILVs) leading to generation of multivesicular bodies (MVBs) and sorting of proteins
for lysosomal degradation (Hu et al., 2015). The formation of MVBs inside LSEs

through inward budding of the endosomal membrane is mediated by proteins of
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the endosomal sorting complex required for transport (ESCRT) (Mayers and
Audhya, 2012). MVBs can follow one of two pathways through either degradation
by fusion with lysosomes or they can fuse with the plasma membrane and release
their cargo, endosomal EVs or exosomes, into the extracellular space (Kahlert and
Kalluri, 2013). The ESCRT machinery is responsible for enrichment of ILVs with
lipids like sphingomyelins, phospholipids and cholesterol (ALIX dependent
process), thus enhancing the maturation process of EVs (Kobayashi et al.,
1999)(Kobayashi et al., 2002)(Chevallier et al., 2008)(Trajkovic et al., 2008)(Bissig
and Gruenberg, 2014). MVBs which did not follow lysosomal degradation are filled
with ILVs, these are pre-cursor vesicles which lead to the formation of endosomal
EVs. Endosomal EVs or exosome release is mediated via the fusion of MVBs with
the plasma membrane and release of their cargo into the extracellular space
(Kahlert and Kalluri, 2013).

A tetraspanin, CD63 which is also an EV-associated marker, has been found to be
abundant in ILVs and endosomal membranes (Pols and Klumperman, 2009). Studies
have found that CD63 regulates ILV formation in an ESCRT dependent and
independent way and depletion of CD63 inhibited ILV production (van Niel et al.,
2011)(Edgar et al., 2014). Other tetraspanins like CD9, CD81 and CD82, which are
EV-associated markers as well, have been shown to regulate cargo sorting inside
ILVs (Buschow et al., 2009)(Chairoungdua et al., 2010). The ESCRT pathway is
comprised of four complexes: ESCRT-0 is responsible for cargo gathering, ESCRT-I
and ESCRT-Il are responsible for budding formation, while ESCRT-III drives the
vesicle scission (Henne et al., 2011). ALIX is an accessory protein to ESCRT-III that
helps recruitment of ESCRT-IIl and is also an EV-associated marker (Henne et al.,
2011)(Théry et al., 2018). ALIX is a cytoplasmic protein that has been shown to
regulate cell death via caspase dependent and independent mechanisms and can
also regulate the lysosome machinery by mediating the sorting of G protein-
coupled receptors for lysosomal degradation (Trioulier et al., 2004)(Dores et al.,
2016). Studies showed that ALIX binds to Tumor Susceptibility Gene 101 (TSG101)
which is an ESCRT-I component and EV marker (Février and Raposo, 2004)(Théry
et al., 2018). During budding of vesicles in the MVB, the ESCRT pathway transfers
proteins to ILVs like TSG101 (Buschow et al., 2005)(Clague et al., 2012)(Colombo
et al., 2013). Endosomal EV biogenesis can occur in an ESCRT-independent way as
shown by silencing of ESCRT subunits which did not inhibit the formation of MVBs
(Stuffers et al., 2009).
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Either way, biogenesis of exosomes or endosomal EVs results in elimination of
some proteins from the plasma membrane as the presence of receptors, ligands
etc from the membrane of the origin cells has been confirmed on the surface of
exosomes (Hu et al., 2020). Evidence suggests that EV secretion is also a way of
receptor downregulation and thus maintaining cellular homeostasis (Johnstone et
al., 1991)(Katzmann et al., 2002).

Biogenesis of microvesicles is different from that of EVs as rather than being of
endosomal origin, it involves shedding of microvesicles from the plasma membrane
where they are released from the cell (Tricarico et al., 2017) (Figure 1-3).
Microvesicles are secreted from cells under normal and pathological conditions
(Stahl et al., 2019). Like EVs with endosomal origin, they also carry membrane
proteins (Stahl et al., 2019). Many pathways have been proposed as to how
microvesicles are shed from the plasma membrane. The outward budding process
begins with clustering of lipids and proteins in the plasma membrane (Tricarico et
al., 2017). For microvesicles to be released, cytoskeletal changes in the cell are
required. Pasquet et al., showed that microvesicle release from platelets was
calcium dependent and influx of calcium resulted in activation of calpain, a
calcium-sensitive protease that phosphorylates target proteins of the cytoskeleton
such as myosin heavy chain and talin (Pasquet et al., 1996). Microvesicle cargo is
concentrated in the area close to where the budding of the membrane happens,
so it can be incorporated inside the microvesicles (Tricarico et al., 2017). The
unmasking of the cytoskeleton aids enrichment of the microvesicle cargo with

proteins and genetic material (Tricarico et al., 2017).

One study suggested that microvesicle shedding from the plasma membrane is
mediated through the ESCRT machinery which is also involved in EV generation via
endosomal origin (Nabhan et al., 2012). This study suggested that TSG101, which
is part of the ESCRT-I machinery, interacts with arrestin domain-containing
protein 1 (ARRDC1) (Nabhan et al., 2012). That interaction caused TSG101 to
relocate from the endosome to the plasma membrane and to facilitate the release
of microvesicles enriched in TSG101 and ARRDC1 (Nabhan et al., 2012). Another
study showed that ADP-ribosylation factor 6 (ARF6) is associated with microvesicle
release from a tumour cell line (Muralidharan-Chari et al., 2009). Authors showed
ARF6 GTP-binding protein induced phospholipase D activation and recruitment of

the extracellular signal-regulated kinase (ERK) to the plasma membrane. ERK was
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responsible for the phosphorylation and activation of myosin light-chain kinase
(MLCK). The authors suggested that MLCK-ARF6 mediated activation was necessary
for microvesicle release and that ARF6 inactivation resulted in disrupted
microvesicle release from cells (Muralidharan-Chari et al., 2009). The mechanistic
process of exosomes and microvesicles is different and thus explains their

differences regarding surface markers and cargo.
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EVs can be categorised based upon their size and biogenesis. Apoptotic bodies are
large vesicles secreted from dying cells. They are formed after blebbing of the
plasma membrane. Microvesicles or EVs shed from the plasma membrane are
generated after the outward budding of the plasma membrane. Exosomes or EVs
of endosomal origin are a product of inward budding of the MVBs with the plasma
membrane. Figure elements were created using Blender 2.8 which is released for
free use under a GNU General Public License (GPL). Adapted from ((Charla et al.,
2020), published under published under a Creative Commons CC-BY license).
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1.2.2 Heterogeneity of extracellular vesicles

EVs are a heterogenous population of vesicles with different subcellular origins,
cellular origin, cargo and size. Classical EV characterisation suggests an overlap in
size between exosomes and microvesicles, making their distinction impossible.
EVs demonstrate diverse biological function with studies reporting contradicting
results for the same EV populations. Current isolation protocols result in isolation
of mixed sized EV populations including exosomes or microvesicles (van Niel et
al., 2018). Willms et al., showed that cells released subpopulations of EVs and the
authors classified these EV populations as exosomes, with distinct biological cargo
and functions (Willms et al., 2016). All the above evidence render the study of
individual classes of EVs and characterisation of EV populations extremely difficult
(van Niel et al., 2018).

There are many steps during EV biogenesis that can affect the size of released
vesicles. Studies have showed that MVBs can contain different sizes ILVs and this
contributes to EV heterogeneity (Edgar et al., 2014)(Colombo et al., 2014). ILV
size can be influenced by the cargo encapsulated in them (Edgar et al., 2014).
However other mechanisms may regulate pinching off of ILVs and generation of
heterogeneous size EVs (Edgar et al., 2014). The choice of isolation technique can
also contribute to size heterogeneity of isolated EVs with studies showing that
different isolation methods can isolate different EV subpopulations (Colombo et
al., 2014).

Cargo sorting inside EVs has not been fully understood but mechanisms during EV
generation like ESCRT machinery seem to have an important role (Colombo et al.,
2014). The microenvironment of a cell or the cell type may dictate which
microRNA (miRNA) for example will be enriched in EVs (van Balkom et al.,
2015)(Bronisz et al., 2016). Studies have reported that EVs contain low copy
numbers of miRNAs, as little as one copy per EV (Chevillet et al., 2014)(Lee et al.,
2019). Lee et al., reported that only 6% of the total EV population was enriched
in miRNAs (Lee et al., 2019). Thakur et al., made a similar observation regarding
DNA cargo of EVs, reporting that only a subpopulation of EVs, around 10%,
contained DNA (Thakur et al., 2014). Proteomic analysis of EVs revealed the
existence of EV subpopulations with distinct protein markers (Kowal et al., 2016).
The number of studies reporting functional miRNA-EV transfer has increased
(Goetzl et al., 2017)(Chang et al., 2019).
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All the above data indicate the existence of subpopulations of EVs with diverse
composition and biological functions and can explain their varied and contrasting
effects on recipient cells. Current limitations in isolation techniques limit the
ability to study the role of EV subpopulations and their distinct biological
functions. Single-vesicle methodologies could be used to study EV subpopulations

and their diverse roles.

1.2.3 EV uptake by recipient cells

An overwhelming amount of studies suggest that EVs are being taken up by cells,
however, the exact mechanism of uptake, needs to be elucidated as studies
indicate various mechanisms of EV uptake by recipient cells (Mulcahy et al., 2014).
Newer techniques allow visualisation of EV uptake by cells. Labelling of EVs with
fluorescent lipid membrane dyes including PKH67, PKH26, rhodamine B, Dil, DiD
or membrane dyes such as carboxyfluorescein succinimidyl ester and maleimide
(fluorescently conjugated) allow visualisation of EVs by microscopy (Mulcahy et
al., 2014). Different mechanisms of uptake have been reported including
endocytosis, clathrin-mediated endocytosis, phagocytosis, micropinocytosis,
plasma or endosomal membrane fusion, caveolin-mediated endocytosis and EV
uptake via of lipid rafts and specific protein-protein interactions (Asuka et al.,
2013)(Mulcahy et al., 2014). Studies have shown that different mechanisms of
uptake can take place in different cells. Nanbo et al., showed that EV uptake by
epithelial cells was mediated via caveola-dependent endocytosis while EV
internalisation by dendritic cells was mediated via phagocytosis and endocytosis
(Morelli et al., 2004)(Asuka et al., 2013). It has been suggested that the presence
of certain ligands or receptors on the cell surface is required for EV uptake. Skokos
et al., showed that blocking of CD91 on dendritic cells impaired EV uptake (Skokos
et al., 2003).Cell-specificity of EV uptake is yet to be determined with reports
suggesting that EVs are taken up by every cell type and other studies suggesting
ligand dependent EV uptake by cells (Svensson et al., 2013)(Mulcahy et al., 2014).
Either way, EV uptake by recipient cells mediates cell communication and can
induce signalling pathways in recipient cells (Kwok et al., 2021). EV uptake by
cells in atherosclerotic plaques could affect disease progression. Gao et al.,
showed that aorta of APOE KO mice internalised dendritic-EVs resulting in

increased plaque size (Gao et al., 2016).
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1.2.4 EV cargo and function

Initially, EVs were thought to function as a cell recycling system as was shown by
early studies reporting the transfer of the transferrin receptor in vesicles formed
during reticulocyte maturation (Harding et al., 1983)(Johnstone et al., 1987). It is
now clear that EVs have numerous diverse biological functions like participating
in the immune response, delivering proteins and nucleic acids to recipient cells
and mediating cell-cell communication, as well as regulating biological process

like apoptosis, proliferation and migration (Kalluri and LeBleu, 2020).

EV cargo includes proteins, lipids, and nucleic acids such as DNA and RNA (Jabalee
et al., 2018). RNA cargo of EVs has attracted a lot of attention. Sequencing studies
have found the presence of mRNA, ribosomal RNA, transfer RNA, miRNA and other
small non coding RNAs (Jabalee et al., 2018). MiRNA abundance in EVs is different
among cell types. It was found that miRNAs accounted for 5-30% of small RNA
cargo in EVs secreted from colorectal cancer cell lines (DKO-1, Dks-8, and DLD-1
cells), breast cancer cell lines (MA-11, MDA-MB-231, Hs578T, AU565, HCC1428,
MCF7, HCC1187, DU4475, HCC1569), pancreatic cancer cell line (HPAF-1l) and
prostate cancer cell line (LNCaP) (Cha et al., 2015)(Fiskaa et al., 2016). Another
study showed that miRNA content in EVs isolated from HEK293T cells, which are
human embryonic kidney 293 cells expressing a mutant version of SV40 large T
antigen, accounted for less than 1% of small non-coding RNAs (Shurtleff et al.,
2017). This variation could be explained by the different cell origin of EVs. Another
study analysed the RNA profile of EVs isolated from two human breast cancer cell
lines, a high metastatic cell line (MDA-MB-231) and a low metastatic cell line (MDA-
MB-436) (Jenjaroenpun et al., 2013). Several RNAs were identified in the two EV
populations and authors suggested that EV RNA content reflected their cell of
origin RNA signature with unique small RNAs specific for low metastatic cell line
(MDA-MB-436) and specific to the high metastatic cell line (MDA-MB-231)
(Jenjaroenpun et al., 2013). Circulating EV miRNA profiles have also been studied
in patients with other cancer types including gallbladder cancer and prostate
cancer (Shin et al., 2021)(Ueta et al., 2021). This study, as many others, set the
scene for the use of EV-miRNA as a biomarker in various diseases (Kinoshita et al.,
2017)(Chong et al., 2019). MiRNA-EV transfer has been suggested as a way of cell-
cell communication. Fernandez-Messina et al., showed that EV-transfer of mmu-
miR-20-a-5p, mmu-miR-24-3p and mmu-miR-155-3p from CD4+T-cell-derived EVs

(isolated from wild type (wt) mice) to recipient B lymphocytes (B lymphocytes
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were isolated from DICER-deficient mice thus unable to produce miRNAs and
allowing the detection of transferred miRNAs) targeted key molecules regulating
B lymphocyte function such as Bcl-2-like protein 11 (BCL2L11) and phosphatase
and tensin homolog (PTEN) (Fernandez-Messina et al., 2020). Another study
identified 761 mature miRNAs (belonging to major miRNA families such as miR-21-
5p, miR-100-5p and let-7) with miR-29a significantly enriched in human
osteoblast-derived EVs (Simian virus 40-immortalized human osteoblast cells)
(Morhayim et al., 2016). Expression of PTEN, B-cell lymphoma 2 (BCL2), HMG-Box
Transcription Factor 1 (HBP1) and CDC42 Effector Protein 2 (CDC42EP2), which
are targets of miR-29a, were found reduced in hematopoietic stem and progenitor
cells (HSPCs) and osteoblast treatment of these cells promoted proliferation and
cell cycle progression of HSPCs indicating that osteoblast-EVs and their miRNA
cargo may regulate proliferation in HSPCs (Morhayim et al., 2016). The studies
mentioned above show that miRNA-EV transfer may regulate cellular signalling

related to cell proliferation, cell function and cell cycle progression.

Messenger RNA contributes little to EV cargo, unlike miRNAs. Next generation
sequencing of human glioma stem cell derived EVs showed that mRNA content of
EVs was below 10% of total RNA reads (Wei et al., 2017). Authors showed that the
majority of reads corresponded to fragments of mRNA rather than full length
mRNA (Wei et al., 2017). An interesting observation after correlation and
clustering analysis of human glioma stem cell transcriptome was that larger EVs
such as microvesicles demonstrated greater similarity with their cell
transcriptome compared to smaller EVs (Wei et al., 2017). Another difference
between larger and small EVs was that larger EVs were found to be more enriched
in mRNAs whereas smaller EVs were found to be more enriched in miRNAs, which
also could explain why larger EVs demonstrated high transcriptome similarity to
human glioma stem cells (Wei et al., 2017). Transcriptomic analysis of EVs of
mouse mast cells (MC/9) identified 1272 transcripts in MC/9-derived EVs (including
cytochrome C oxidase subunit 5b (COX5B), specificity protein 1 (SP1) and heat
shock protein 8 (HSPA8)) and authors showed successful radioactive labelled
MC/9-EV mRNA transfer to recipient MC/9 cells (Valadi et al., 2007). Moreover,
proteomic analysis identified 3 mouse proteins, cell division control protein 6
(CDCé), zinc finger protein 271 (ZNF271P) and cytochrome c oxidase subunit 7A
(COX7A2) whose mRNA transcripts were identified in MC/9-EVs, to be present in
human mast cells (HMC-1) after MC/9-derived EVs treatment suggesting that mRNA
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delivery by EVs to recipient cells could be translated into proteins (Valadi et al.,
2007). A study that profiled the mRNA of circulating tumour cells and EVs isolated
from plasma in patients with metastatic breast cancer showed that cells and EVs
shared only 5% common positive signals (Keup et al., 2018). Differences were
observed in transcripts poly(ADP-Ribose) Polymerase 1 (PARP1), epidermal growth
factor receptor (EGFR), anaplastic lymphoma kinase (ALK), aurora kinase A
(AURKA), KIT proto-oncogene receptor tyrosine kinase (KIT), AKT serine/threonine
kinase 2 (AKT2), erb-b2 receptor tyrosine kinase 2 (ERBB2), phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) and mechanistic target
of rapamycin kinase (MTOR) in the EVs vs circulating tumour cells in the same
patient cohort; transcripts related to cell growth, proliferation and division of
cancer cells (Keup et al., 2018). However, the authors underlined that since only
5% common signals were shared between EV mRNA profile and tumour cell mRNA
profile, caution in choosing the biomarker source should be applied (Keup et al.,
2018).

EVs also carry DNA which can be either genomic or mitochondrial (Lazaro-lbanez
et al., 2014)(Sansone et al., 2017). Németh et al., also showed that ciprofloxacin
exposure of Jurkat cells induced surface associated DNA on the surface of EVs
which could be degraded with DNase treatment and interacted with fibronectin
indicating a mechanism for how EVs interact with extracellular matrix molecules
(Németh et al., 2017). An interesting observation was that the DNA identified on
EVs aligned with both mitochondrial sequences (including mitochondrial (mt)
control region and mitochondrially encoded 125 RNA (MT-RNR1)) and chromosomal
sequences (including glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
tumor protein 53 (TP53)) (Németh et al., 2017). Authors mentioned that
ciprofloxacin treatment resulted in increased percentage of DNA binding proteins
such as histone H4 and histone H2B, proteins related to oxidative stress such as
heat-shock protein 90 alpha (HSP90a) and heat shock cognate 71 kDa protein
(HSP7C), and proteins related to defence responses such as L-lactate
dehydrogenase B chain (LDHB) on the surface of Jurkat-derived EVs (Németh et
al., 2017). However, the answer to the question on how or why DNA was recruited
on the surface of EVs remained unknown. Fischer et al., also detected surface
associated DNA on human bone marrow derived mesenchymal stromal cells (BM-
hMSC)-derived EVs and intravesicular DNA in BM-hMSC-EVs (Fischer et al., 2016).

Thakur et al., showed that when EVs were treated with deoxyribonuclease
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(DNase), an enzyme that degrades DNA via cleavage of phosphodiester bonds on
the DNA backbone, DNA molecules with sizes larger than 2.5 kb were degraded
but DNA molecules with sizes between 100 bp and 2.5 kb were intact (Thakur et
al., 2014). The authors concluded that EVs packaged DNA molecules with sizes
between 100 bp and 2.5 kb and the larger DNA molecules were not enriched in
EVs (Thakur et al., 2014). Studies have showed that EV-DNA can be transferred
from EVs to recipient cells and result in increased mRNA expression by
transcription of EV-DNA into mRNA (Cai et al., 2013)(Lee et al., 2014). Sansone et
al., showed horizontal transfer of mitochondrial EV-DNA from cancer-associated
fibroblast EVs to recipient cancer stem-like cells (Sansone et al., 2017). The
mitochondrial DNA was identified in recipient cells and authors suggested that the
DNA participated in resistance of cancer cells induced from hormone therapy
(Sansone et al., 2017). Another study identified cell-free tumour DNA packaged in
EVs which previously was thought to derive from tumour cells (Fernando et al.,
2017). These studies pave the way for discovery of DNA-EV and miRNA-EV

biomarkers for disease prevention and diagnosis.

Protein cargo of EVs sometimes reflects their biogenesis process and their cell of
origin as they carry protein markers from the cell membrane of their secreted
cell. EVs are enriched in tetraspanins like CD63, CD9 and CD81, ESCRT pathway
components like TSG101 and ALIX, integrins and glycoproteins (Heijnen et al.,
1999)(Akers et al., 2013). Receptors and ligands have been identified on the
surface of EVs which can regulate EV uptake by recipient cells or EV cellular
signaling (Hu et al., 2020). Their lumen cargo include receptors, peptides, and
enzymes (Al-Nedawi et al., 2008)(Y. T. Wang et al., 2020). EVs can transfer their
protein cargo retaining functionality and exert a biological effect on recipient
cells. Al-Nedawi et al., showed that EVs derived from glioblastoma cells packaged
an oncogenic form of the epidermal growth factor receptor which was functionally
transferred to recipient glioma cells (Al-Nedawi et al., 2008). EV transfer of the
oncogenic receptor, induced activation of MAPK and Akt signaling pathways,
altered VEGF, Bcl-x(L) and p27 gene expression and increased cell proliferation of
tumour cells (Al-Nedawi et al., 2008). This study showed that EV protein exchange
between cells is a way of EV mediated cell-cell communication. Proteomic analysis
of EVs has been used to find protein-EV biomarkers in disease. Proteomic analysis
of urinary EVs identified eleven proteins to be upregulated in samples from

prostate cancer patients compared to healthy participants with FABP5 showing
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highest levels (Fujita et al., 2017). FABP5 is a fatty acid protein which has been
implicated in prostate cancer metastasis (Carbonetti et al., 2019). Another study
examined the proteomic profile of urinary EVs from Parkinson's disease patients
and neurologically healthy donors (Wang et al., 2019). They found disease related
proteins to be enriched in EVs from patients with Parkinson’s disease (SNAP23,
Rab7a, calbindin, and FRK) (Wang et al., 2019). The above studies demonstrate

the clinical significance of protein EV cargo for the use of disease prognosis.

The EV lipidome profile is not as well characterised as that of RNA and protein
cargo of EVs. The EV lipidome involves a variety of lipids identified in EVs such as
glycerophospholipids (phosphatidylcholine, phosphatidylethanolamine, phosphati-
dylglycerol, phosphatidylserine, phosphatidic acid, phosphatidylinositol),
sphingolipids (sphingomyelin, ceramide), free cholesterol and cholesteryl esters
(Baig et al., 2013). Evidence suggests that presence of lipids on EV membranes
enhances EV stability and allows interaction with recipient cells (Subra et al.,
2007). Lipids on EVs participate in EV biogenesis and may participate in EV uptake
or cellular signalling. A study showed that phosphatidylserine on the surface of
EVs secreted from ovarian carcinoma cells was necessary for EV uptake by immune
cells (Keller et al., 2009). EVs derived from astrocytes which were enriched in
ceramides, have been shown to induce astrocyte apoptosis with implications in
Alzheimer disease progression (Wang et al., 2012). Another study showed that
ceramide, that is a product of sphingomyelin breakdown, is responsible for miRNA
sorting inside ILVs and that pharmacological inhibition of ceramide generation by
GW4869 (or N,N’-Bis[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl]-3,3’-p-phenylene-
bis-acrylamide dihydrochloride blocks the ceramide-mediated inward budding of
MVBs and the release of mature EVs from MVBs) reduced small RNA content of EVs
and EV release (Trajkovic et al., 2008)(Kubota et al., 2015). Studies have focused
on the clinical use of lipids from EVs as biomarkers. Differences in lipid abundance
were observed in EVs from non-tumorigenic, tumorigenic and metastatic prostate
cell lines (Brzozowski et al., 2018). Analysis of lipid content from EVs from
prostate cancer patients and healthy donors revealed distinct differences among
the two groups with phosphatidylserine, lactosylceramide and hexosylceramide to

be found elevated in EVs from prostate cancer patients (Skotland et al., 2017).

Taken together these studies demonstrate that EV cargo is diverse, from nucleic

acids to lipids, can be transferred to target cells and exert biological effects on
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these cells. Numerous clinical studies have studied the use of EV cargo as a

potential diagnostic tool.

1.2.5 EVs and atherosclerosis

EVs are released from all cell types and especially from cells that participate in
atherosclerosis development and progression (Charla et al., 2020). The presence
of EVs has been identified in fatty streak formation where authors observed
increased number of EVs originating from SMCs in atheroprone areas compared to
atherosclerosis-resistant areas (Bobryshev et al., 2013). Imaging analysis of
atherosclerotic plaque samples identified the presence of EVs in advanced
atherosclerotic plaques (Perrotta and Saveria, 2016). Analysis of cellular origin of
EVs in atherosclerotic plaques showed that the majority of EVs originated from
leukocytes (52%), including macrophages (29%), erythrocytes (27%), lymphocytes
(15%), SMCs (13%) and ECs (8%) with plasma EV profile demonstrating a majority
of platelet derived EVs and no EVs originating from SMCs (Leroyer et al., 2007).
The role of EV signalling and their miRNA (see later) in atherosclerosis progression

is summarised in Figure 1-6.

1.2.5.1 Fatty streak and atheroma progression

EC derived EVs have been studied extensively with studies showing elevated levels
of these EVs in patients with underlying cardiovascular risk factors (Preston et al.,
2003)(Arteaga et al., 2006)(Amabile et al., 2014). EC-derived EVs have been
proposed as a marker for monitoring endothelial health as indicated by their
increased secretion in endothelial dysfunction (Dignat-George and Boulanger,
2011). Studies have shown that EC-EVs can aggravate endothelial function in vivo
and in vitro via reduced NO production (Brodsky et al., 2004)(Densmore et al.,
2006). Atherogenic stimulus can alter their cargo and induce upregulation of
molecules such as ICAM-1 and VCAM-1 (Huber et al., 2002)(Jansen et al., 2013).

Immune cells including monocytes and macrophages are important cell types
participating in lesion progression. Wang et al., found that EVs secreted from
lipopolysaccharide (LPS)-treated THP-1 monocytic cells induced ERK1/2
phosphorylation and upregulation of ICAM-1, VCAM-1 and E-selectin in recipient
ECs thus activating ECs (Wang et al., 2011). Another study showed that
macrophage foam cell EVs could promote SMC migration via activation of the ERK

pathway and lesion progression (Niu et al., 2016). Keyel et al., showed that
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macrophage derived EVs induced foam cell formation by promoting cholesterol

uptake by recipient macrophages (Keyel et al., 2012).

1.2.5.2  Vascular calcification

EVs have been identified in calcified plaques with studies providing evidence for
their involvement during plaque calcification (Kapustin et al., 2011)(Kapustin et
al., 2015)(Buendia et al., 2015). EV monitoring has been proposed as a biomarker
for coronary calcification (Jayachandran et al., 2008)(Del Turco et al., 2014).
Interestingly, EVs isolated from calcified human atherosclerotic plaques
demonstrated differences from EVs isolated from calcified SMCs in vitro as EVs in
atherosclerotic plaque originate from various cell types (Krohn et al., 2016).
Furthermore, Kapustin et al., showed that SMC-secreted calcified EVs had
endosomal origin in contrast to what was believed before, in that they were
budded from the plasma membrane (Kapustin et al., 2015). Authors also showed
that certain atherogenic stimulus such as TNF-a and PDGF increased EV secretion
and consequently SMC calcification in calcifying conditions (Kapustin et al., 2015).
Another study showed that calcified SMC secreted EVs can promote calcification
to neighbouring cells aggravating the existing calcification in the vessel wall (Chen
et al., 2018).

1.2.5.3  Advanced/Vulnerable plaques

EV signalling has been implicated in plaque destabilisation and subsequent
thrombus formation. Levels of circulating leukocyte EVs were examined in
patients undergoing thromboendarterectomy and it was found that leukocyte-EVs
were elevated in patients with unstable plaques indicating that they could be used
as a biomarker to detect unstable plaques (Sarlon-Bartoli et al., 2013). Another
study analysed the connection between ceramides and phosphatidylcholines in
plasma EVs and cardiovascular outcome after carotid endarterectomy and authors
showed that lipids on plasma EVs were independently associated with increased

risk of a cardiovascular outcome (Timmerman et al., 2022).

Weakening of the fibrous cap is the main cause of plaque rupture with studies
suggesting that EVs are responsible for plaque destabilisation (Boulanger et al.,
2017). SMCs are crucial for plaque stability as they are responsible for cap
formation and their secreted molecules (collagen, elastin, fibronectin and
extracellular matrix) produce a thick fibrous cap (Owens et al., 2004). Plaque

destabilisation has been mainly attributed to proteolytic properties of MMPs either
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carried by EVs or MMPs on the plasma membrane or in case of MMP14, secreted
from cells (Nawaz et al., 2018). Tobacco exposure, a risk factor for
atherosclerosis, induces enrichment of active mature MMP-14 as confirmed by
gelatin zymography in macrophage-EVs (Li et al., 2013). Other studies showed that
EC-EVs encapsulated MMP-2 (active and pro-enzyme forms and activity confirmed
by gelatin zymography), MMP-10 (enzyme activity was not examined) MMP-9
(active and pro-enzyme forms and activity confirmed by gelatine zymography)and
MMP-14 (active and pro-enzyme form and activity was confirmed with MMP activity
assay with the use of fluorogenic MMR substrate) (some studies provide in vitro
and in vivo evidence) (Taraboletti et al., 2002)(Lozito and Tuan, 2012)(Martinez
de Lizarrondo et al., 2012). EVs isolated from atherosclerotic lesions encapsulated
the metalloprotease TNF-a converting enzyme (TACE) which has been detected
on atherosclerotic lesions (Canault et al., 2007). TACE cleaves the precursor of
TNF-a into a soluble active cytokine maintaining a balance between anti- and pro-
inflammatory molecules (Canault et al., 2007). Authors suggested that the
potential cell origin of these EVs could be leukocytes or erythrocytes (Canault et
al., 2007).

Once the plaque is ruptured, the plaque’s thrombogenic material is exposed to
circulating platelets activating them and leading to thrombus formation (Badimon
et al., 2012). It was found that circulating monocyte and platelet- EVs can enhance
thrombus formation (Falati et al., 2003)(Suades et al., 2012). EVs expressed on
their surface phospholipids and tissue factor and their presence on the surface
may promote coagulation and thrombosis (Nielsen et al., 2018). Interestingly, a
proteomic analysis of EVs revealed that EVs isolated from people who smoked
demonstrated elevated levels of tissue factor compared to control-EVs, a fact

which could be correlated with thrombosis (Benedikter et al., 2019).
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1.3 MicroRNAs

1.3.1 Biogenesis

MiRNAs are a class of small non-coding single strand RNA molecules with average
size of 22 nucleotides (20-30 nucleotides) (Ha and Kim, 2014). The first miRNA,
lin-4, was discovered in 1993 (Lee et al., 1993)(Wightman et al., 1993). What the
authors thought was a protein coding gene that regulated larval development in
Caenorhabditis elegans, was a gene transcribing a pair of small RNAs (Lee et al.,
1993)(Wightman et al., 1993). MiRNAs are encoded by introns or exons of both
protein coding genes or non-coding genes (Rodriguez et al., 2004)(O’Brien et al.,
2018). Several miRNAs can be transcribed as one long transcript called a cluster
(O’Brien et al., 2018). These genes are located in close proximity and transcription
of these genes may be regulated by the same mechanisms (Lee et al., 2002). If
miRNAs in a cluster have similar seeding regions they may comprise a family of
miRNAs (O’Brien et al., 2018). MiRNA biogenesis can be categorised into two

pathways, canonical and non-canonical.

The canonical pathway is the prevailing way of miRNA production (Figure 1-4). A
miRNA gene is transcribed into a primary miRNA (pri-miRNA) by RNA polymerase
Il (Lee et al., 2004)(O’Brien et al., 2018). The pri-miRNA can be over 1 kb long
and contains a stem loop of 33-35 bp (Lee et al., 2004). The pri-miRNA is processed
by the microprocessor complex into precursor miRNA (pre-miRNA) in the nucleus
(O’Brien et al., 2018). The microprocessor complex is composed of a RNA binding
protein DiGeorge Syndrome Critical Region 8 (DGCR8) and a ribonuclease IlI
enzyme, Drosha (O’Brien et al., 2018). During the maturation process, DGCR8
recognises certain motifs on the pri-miRNA while Drosha cleaves the stem-loop
releasing a hairpin-shaped ~-65 nucleotide long pre-miRNA (Han et al., 2004).
Drosha cleaves the pri-miRNA in a way that results in the generation of nucleotide
overhang on the pre-miRNA (Han et al., 2004). Following that, the pre-miRNA is
transferred to the cytoplasm by an exportin 5 (EXP5)/RanGTP complex (O’Brien
et al., 2018). The pre-miRNA is then processed by the RNase Ill endonuclease Dicer
which cleaves the hairpin loop from the pre-miRNA resulting in the formation of a
duplex of mature miRNAs with size around 22 nucleotides, one mature miRNA and
a passenger strand (O’Brien et al., 2018). It was shown that Dicer has one catalytic
centre with two RNA cleavage sites which may favour the pre-miRNA end with the

overhang (Han et al., 2004).
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The direction of each miRNA strand dictates their name as the -5p strand comes
from the 5’ end of the pre-miRNA and respectively the -3p strand comes from the
3’ end of the pre-miRNA (O’Brien et al., 2018). Next, the mature miRNA duplex is
loaded into the Argonaute (AGO) family of proteins (AGO1-4 in humans) forming
the RNA-induced silencing complex (RISC) in an ATP dependent way (Yoda et al.,
2010). All 4 AGO proteins can bind the miRNA duplex as it was shown by Yoda et
al. (Yoda et al., 2010). Maturation of the RISC complex involves the degradation
of passenger miRNA while the other strand, the mature miRNA, is still bound to
the AGO protein (Wahid et al., 2010). The thermodynamic stability of each strand
regulates which strand will be degraded or not (Wahid et al., 2010). Factors like
cell type or cellular environment may also affect which mature strand of miRNA
(-3p or -5p) will stay bound to the RISC complex (Meijer et al., 2014). A study
suggests that there is a preference for the miRNA strand with low thermodynamic
5’ end stability (Khvorova et al., 2003). The strand that does not stay bound to
the RISC complex is called the passenger strand and is cleaved by AGO2 and then
degraded (O’Brien et al., 2018).

The non-canonical pathway of miRNA biogenesis involves various mechanisms
which result in miRNA generation in a Drosha or Dicer independent way (O’Brien
et al., 2018). However, only 1% of miRNAs have been found to originate via a non-
canonical miRNA biogenesis pathway (Ha and Kim, 2014). Biogenesis of miR-451 is
an example of Dicer independent biogenesis pathway (Ha and Kim, 2014). The pri-
miRNA is cleaved by Drosha and produces a short hairpin stem loop of 18 bp which
is too short a molecule to be cleaved by Dicer (Yang et al., 2010). AGO2 is
responsible for the maturation of this miRNA. When the pre-miR-451 is loaded into
AGO2 and AGO2 cuts the -3p strand of the pre-miRNA (Yang et al., 2010). MiRNA

biogenesis via non-canonical mechanisms is still poorly understood.
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Figure 1-4 MiRNA biogenesis

MiRNA genes are initially transcribed as primary miRNA or pri-miRNAs in the
nucleus by RNA polymerase Il. Pri-miRNAs are cleaved into smaller precursor
miRNAs or pre-mRNAs by microprocessor complex comprised of an RNA binding
protein DiGeorge Syndrome Critical Region 8 (DGCR8) and the Drosha ribonuclease
[l enzyme. Next, the pre-miRNAs are exported from the nucleus to the cytoplasm
by an exportin 5 (EXP5)/RanGTP complex and are further processed by RNase Il|
endonuclease Dicer where cleavage of the hairpin loop results in the formation of
a duplex of mature miRNA duplex. The mature miRNA strand is loaded into the
RNA-induced silencing complex (RISC) where is guided by RISC and Argonaute
(AGO) proteins to find its mRNA target. Adapted by ((Lin and Gregory, 2015),
Licensed Content Publisher Springer Nature, License Number 5453120387891).
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1.3.2 miRNA Function

MiRNAs are phylogenetically conserved, and they participate in development
amongst various other physiological processes (Zhao and Srivastava, 2007). Their
main function is post-transcriptional regulation of gene expression (Figure 1-5).
The miRNA is guided by the RISC complex and AGO2 to find its target mRNA
(O’Brien et al., 2018). MiRNA recognises its target mRNA by base pairing at the 3’
untranslated region (UTR) of the mRNA. Studies have found that miRNAs can bind
to the 5’ UTR region or coding domain sequence (CDS) (Lee et al., 2009)(Brummer
and Hausser, 2014). It was shown that miRNAs can bind to promoter regions and
induce gene transcription as opposing to binding to 5’UTR that has a silencing
effect (Dharap et al., 2013). Nucleotides 2-7 at the 5’ end of the miRNA constitute
the seed sequence of the miRNA and complementarity of the seed sequence and
the mRNA determine whether a mRNA will be recognised as a target of a miRNA
molecule (Zhao and Srivastava, 2007). However, miRNA-mRNA complementarity is
not the only factor determining if a miRNA will bind a mRNA molecule (Zhao and
Srivastava, 2007). In many cases miRNA-mRNA interaction is not fully
complementary and base pairing at the 3’ end of the miRNA solidifies the

interaction (O’Brien et al., 2018).

MiRNA binding to their target mRNA usually negatively regulates gene expression
(Macfarlane and Murphy, 2010). However, studies have shown that miRNA could
upregulate gene expression (Truesdell et al., 2012)(Bukhari et al., 2016). A single
miRNA molecule can bind to several mRNA target molecules and many miRNA
molecules can regulate a single mRNA target (Macfarlane and Murphy, 2010).
Generally, miRNA-mRNA interaction promotes the mRNA cleavage by AGO2
(Macfarlane and Murphy, 2010). Ribonucleoproteins, complexes of proteins and
miRNAs, deploy enzymes resulting in mRNA degradation (Valinezhad Orang et al.,
2014). Another way of miRNA silencing gene expression is via translation
inhibition. Studies have shown that miRNAs can inhibit initial and later steps of
the translation process (Pillai et al., 2004)(Petersen et al., 2006). Guo et al.,
performed a large in vitro ribosome profiling study showing that silencing of gene
expression occurred mostly via mRNA destabilization and as frequently via
translation inhibition (Guo et al., 2010).
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Figure 1-5 MiRNA functions and gene transcription regulation

The mature miRNA strand is guided by RISC and AGO to find its complementary mRNA target. MiRNAs usually negatively regulate gene
expression either by inducing mRNA degradation due to mRNA cleavage from AGO2 or via inhibition of RNA translation. MiRNA usually
binds to the 3’UTR of mRNA, however in some case miRNA can bind to the 5’UTR or CDS of a gene. In some cases, miRNAs can bind to
gene promoter regions and positively regulate gene transcription. The figure was created by using pictures from BioRender.com.
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1.3.3 miRNA as biomarkers in disease

Previously, the role of miRNAs in atherosclerosis progression was summarised. The
fact that abrogated miRNA expression has been observed in many pathologies and
circulating miRNAs are stable have paved the way for the use of miRNAs as
biomarkers in disease detection. A miRNA profiling study examined the circulating
miRNAs of patients with CAD vs healthy donors identifying miR-126, miR-17, miR-
92a, miR-145, and miR-155 to be significantly downregulated in CAD patients
(Fichtlscherer et al., 2010). However, another clinical study examined the tissue
expression profile of miRNAs from human advanced coronary atherosclerotic
plaque versus non-atherosclerotic internal human arteries (Parahuleva et al.,
2018). They found miR-21, miR-92a and miR-99a to be significantly upregulated in
advanced atherosclerotic plaques compared to non-atherosclerotic arteries
(Parahuleva et al., 2018). A large clinical study of CAD patients found that
elevated circulating levels of miRNA-197 and miRNA-223 were predictors of
cardiovascular death amongst these patients (Schulte et al., 2016). A clinical
cohort profiled miRNA expression from patients with symptomatic and
asymptomatic atherosclerotic plaques and identified some miRNAs (miR-100, miR-
127, miR-145, miR-133a, and miRNA-133b) to be differentially expressed between
the two groups (Cipollone et al., 2011). Interestingly, the altered miRNA
expression correlated with unstable plaques providing potential prognostic
markers for vulnerable plaque identification (Cipollone et al., 2011). Pereira-da-
Silva et al., conducted a systematic review of eighteen studies which analysed
miRNA biomarkers for atherosclerosis (ten studies focused on carotid
atherosclerosis, six on lower limb atherosclerosis and two on renal artery
atherosclerosis) and identified four miRNAs, miR-21, miR-30, miR-126, and miR-
221-3p to be commonly downregulated in all studies (Pereira-da-Silva et al.,
2018). Taken together these studies, they highlight the clinical and prognostic
values of miRNAs as biomarkers in atherosclerosis, although further larger scale

clinical studies are needed to draw definite conclusions.
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1.4 MiRNA and EV-miRNA signaling in atherosclerosis

MiRNAs have been recognised as regulators of many physiological and pathological
conditions. Their important role in CVD has been supported by various studies
(Romaine et al., 2015). Abnormal expression of miRNAs has also been linked with
many pathologies (O’Brien et al., 2018)(Paul et al., 2018). MiRNAs modulate early
and late stages of atherosclerosis development via modulation of pathways
implicated in the disease development. MiRNAs are the main cargo of EVs and
miRNAs encapsulated in EVs have been implicated in atherosclerosis progression
(Xu et al., 2021). Several studies have examined the effect of miRNAs in lesion
progression while others have examined the EV-miRNAs in disease progression

while often different studies have examined the same miRNAs/EV-miRNAs.

1.4.1 Fatty streak and lesion progression

Firstly, miRNAs can regulate cholesterol metabolism. MiR-122 is highly expressed
in the liver and studies have showed that it is responsible for regulating cholesterol
synthesis and its inhibition resulted in reduced plasma cholesterol levels (Esau et
al., 2006)(Elmén et al., 2008). MiR-122 inhibition with an antisense
oligonucleotide in normal C57BL/6 male wt mice resulted in reduced plasma
cholesterol levels and decreased cholesterol synthesis rate (Esau et al., 2006). The
authors identified several genes related to fatty acid metabolism such as acetyl-
CoA carboxylase 2 (ACACB), sterol regulatory element-binding protein 1 (SREBP-
1) and sterol regulatory element-binding protein 2 (SREBP-2), and a gene related
to cholesterol metabolism, phosphomevalonate kinase (PMVK), which were
significantly downregulated after miR-122 inhibition in mice (Esau et al., 2006).
MiR-223 has been implicated in cholesterol homeostasis by inhibiting its synthesis
via targeting of HMG-CoA, targeting SR-BI and regulating HDL-C uptake (Vickers et
al., 2014). Authors found that APOE KO mice under high fat diet had elevated
levels of miR-223 and miR-223 KO mice demonstrated significantly increased
plasma cholesterol levels compared to wt mice (Vickers et al., 2014). MiR-148a
has been found to negatively regulate LDL receptor (LDLR) expression as mice
treated with antisense oligonucleotides targeting miR-148a had elevated
expression of LDLR in the liver and decreased LDL-C levels in plasma (Goedeke et
al., 2015). Genome-wide association studies (GWAS) have identified miRNAs, miR-
128-1, miR-148a, miR-130b, and miR-301b, to be involved in lipoprotein

homeostasis (Wagschal et al., 2015). Authors showed in vitro that these four

62



miRNAs targeted the LDLR at the 3’ UTR resulting in low internalisation of labelled
LDL-C by HepG2 cells (Wagschal et al., 2015).

LDL accumulation into subendothelial space and EC activation are first steps of
fatty streak formation. A study found that miR-92a is enriched in ECs under
atherogenic conditions and EV-miR-92 transfer to recipient macrophages induced
LDL uptake and inflammatory activation (Chang et al., 2019). Inhibition of EV-miR-
92 transfer reversed these effects highlighting the role of EV-miRNA cargo in
atherosclerosis progression (Chang et al., 2019). He et al., showed that oxLDL
induced the miR-155 enrichment in EC-EVs and EV-miR-155 transfer to recipient
monocytes promoted their phenotypic change to macrophages (He et al., 2018).
Moreover, tail vein injection of miR-155 enriched EVs in APOE KO mice fed a high
fat diet resulting in increased lesion area (He et al., 2018). A great number of
miRNAs has been identified to be responsible for foam cell formation by
unbalancing cholesterol efflux from macrophages such as miR-26, miR-33, miR-
106,30 miR-144, miR-128-1, miR-130b, miR-148a, miR-301b, miR-302a, and miR-
758 (Feinberg and Moore, 2016). These miRNAs have been shown to target genes
related to lipid and energy metabolism such as LDLR, ATP binding cassette
subfamily A member 1 (ABCA1), carnitine palmitoyltransferase 1A (CPT1A), salt
inducible kinase 1 (SIK1), insulin receptor substrate 1 (IRS1) and silent information
regulator 1 (SIRT1) (Feinberg and Moore, 2016).

EC-EVs can exert an atheroprotective role in the development of the disease.
Jansen et al., showed that EC-EVs enriched in miR-126 promoted EC migration and
proliferation after vascular injury in vivo (Jansen et al., 2013). Another study
showed that EC secreted EV-miR-222 transfer to recipient ECs resulted in reduced
ICAM1 but not VCAM1 expression and reduced monocyte adhesion in vitro (Jansen
et al., 2015). To correlate their findings with clinical practice, both studies
examined the levels of miR-126 and miR-222 in patients with CAD and found
reduced levels for both miRNAs in CAD patients compared to donors without CAD
(Jansen et al., 2013)(Jansen et al., 2015). Kruppel-like factor 2 (KLF2)
transcription factor regulates EC behaviour via inhibition of VCAM-1 and E-selectin
expression on ECs and thus inhibiting proinflammatory activation of ECs (Atkins
and Jain, 2007). He et al., showed that KLF2 transduced ECs secreted EVs with
atheroprotective properties via reduced monocyte activation and reduced

inflammatory activation and EV treatment in APOE KO mice resulted in reduced
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plaque size (He et al., 2018). The authors showed that oxLDL stimulation enhanced
miR-155 expression in EC-EVs whereas KLF2 had the opposite effect (He et al.,
2018). Another study demonstrated that KLF2 transduced ECs secreted EVs
enriched in miR-143/145 and that EV-miRNA transfer to co-cultured SMCs reduced
the expression of dedifferentiation related genes indicating an atheroprotective
role of EC secreted EVs (Hergenreider et al., 2012). Tail vein injection of these
EVs to APOE KO mice resulted in reduced lesion area (Hergenreider et al., 2012).
Stamatikos et al., showed that EC-EVs enriched with anti-miR-33a-5p (ECs were
transduced with an adenoviral vector expressing an antagomiR for miR-33a-5p)
increased cholesterol efflux of recipient SMCs and macrophages (Stamatikos et
al., 2019). This study shows that targeting of EV cargo could be a potential target
for atherosclerosis treatment. Taken together, these studies demonstrate that
different stimulus can alter the properties of EC secreted EVs and their cargo
reflecting the importance of the microenvironment and the EV biological
properties and why there is not a clear conclusion regarding their contribution to

the disease development.

Monocyte-EV interaction with ECs resulted in adhesion molecule upregulation
(ICAM-1, VCAM-1, E-selectin), vascular cell death and inflammation either via
miRNA transfer (miR-155, miR-223) or cytokine enrichment (IL-18) (Aharon et al.,
2008)(J.-G. Wang et al., 2011)(Tang et al., 2016). Endothelial migration can be
induced by monocytic EV-miR-150 transfer (Zhang et al., 2010). Macrophage
stimulation with an atherogenic stimulus such as oxLDL induced miRNA
enrichment, including miR-146a, miR-128, miR-185, miR-365, and miR-503 in
macrophage EVs and authors showed that EV-miR-146a transfer to recipient
macrophages reduced macrophage motility resulting in macrophage entrapment

in the vessel wall and acceleration of disease progression (Nguyen et al., 2018).

MiRNAs can also modulate vascular inflammation and EC permeability. MiR-10a
was found to inhibit expression of VCAM-1, E-selectin, and NF-kB in ECs (Fang et
al., 2010). By regulating the expression of adhesion molecules like ICAM-1, VCAM-
1 and E-selectin, miR-126, miR-31 and miR-17-3p are also important regulators of
EC inflammation (Suarez et al., 2010)(Asgeirsdéttir et al., 2012). EC senescence
has been associated with atherosclerosis with evidence suggests that cell
senescence aggravates the disease’s progression (Wang and Bennett, 2012).
MiRNAs like miR-34a, miR-217, and miR-146a have been associated with EC

64



senescence (Lu et al., 2018). Mouse lineage-negative bone marrow cells (lin-
BMCs), which are enriched in endothelial progenitor cells, were transfected with
pre-miR-146a mimic resulting in polo like kinase 2 (PLK2) reduced expression, a
cell cycle regulator in response to DNA damage, and increased expression of
p16lnk4a and p19Arf, the most well studied cell cycle inhibitors, cyclin dependent
kinase inhibitor 2A (CDKN2A) with evidence suggesting that they regulate stem
cell senescence (Nishino et al., 2008)(Deng et al., 2017). Menghini et al., showed
that miR-217 can induce a senescence-like phenotype in ECs via targeting of SIRT1
while miR-217 inhibition (cells treated with miR-217 inhibitor) in ECs reduced
senescence via increased SIRT1 expression (Menghini et al., 2009). MiR-34a was
also found to regulate EC senescence via targeting of SIRT1 (Zhao et al., 2010).
Endothelial progenitor cells (EPCs) were transfected with miR-34a mimic inducing
EC senescence and reduced SIRT1 expression (Zhao et al., 2010). MiR-146a has
been proposed as marker for early detection of senescence and vascular
remodeling by Olivieri et al. (Olivieri et al., 2013). MiR-146a levels were found
elevated in senescent human umbilical vein ECs (HUVECs) and levels of its target
gene, interleukin-1 receptor-associated kinase 1 (IRAK-1) were found reduced
(Olivieri et al., 2013). Analysis of circulating angiogenic cells showed that miR-
146a expression was significantly elevated and IRAK-1 expression downregulated
in patients with chronic heart failure, compared to healthy control subjects
(Olivieri et al., 2013).

The role of platelet-EVs in lesion progression has been studied extensively. Studies
showed that platelet-EVs can induce a SMC phenotypic change towards a synthetic
phenotype and thus promoting vascular remodeling (Weber et al., 2000)(Vajen et
al., 2017). A transcriptomic sequence study identified several miRNAs (miR-144-
3p, miR-486-5p, miR-142-5p, miR-451a, miR-25-3p, miR-145-5p, and let-7f-5p) in
platelet EVs during senescence and target analysis of these miRNA species
identified genes involved in lipid metabolism, inflammation and coagulation
(Pienimaeki-Roemer et al., 2017). Mause et al., showed that platelet-EVs were
responsible for monocyte recruitment to atheroprone areas inducing inflammation
and lesion progression (Mause et al., 2005). Platelet-EVs have been shown to
modulate macrophage phenotype by promoting their polarisation towards a M2
anti-inflammatory phenotype (Sadallah et al., 2011)(Vasina et al., 2011). Laffont
et al., showed that platelet EV-miR-126-3p transfer to macrophages altered the

macrophage gene expression profile (ATF3 (activating transcription factor 3),
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ATP1B1 (ATPase Na*/K* Transporting Subunit Beta 1), ATP9A (ATPase Phospholipid
Transporting 9A) and RAI14 (Retinoic Acid Induced 14) expression), downregulated
the production of inflammatory cytokines including CCL4, CSF1 and TNF-a, and
resulted in increased phagocytic capacity of macrophages (Laffont et al., 2016).
In conclusion, platelet-EVs demonstrate both atherogenic and atheroprotective
roles regarding disease development. The studies discussed previously used the
same EV isolation method, ultracentrifugation, so a possible explanation for their
ambiguous roles is either the different cell types that were treated with theses

EVs or the different cargo being transferred from platelet-EVs.

SMC phenotype during atherosclerosis development is also regulated by miRNAs.
MiR-143 and miR-145 are known to regulate SMC differentiation via negative
regulation of kruppel-like factor 4 (KLF4) and positive regulation of myocardin
(MYOCD), thus promoting the SMC differentiated phenotype and also decreased
expression of these miRNAs was found in injured carotid arteries (Cordes et al.,
2009). MiR-143/145, miR-1 and miR-10a can be considered atheroprotective as
they can suppress expression of KLF2, KLF4, kruppel-like factor 5 (KLF5), histone
deacetylase 4 (HDAC4) and ETS transcription factor (ELK1) in SMCs that will stop
them differentiating into a proliferative phenotype (Hergenreider et al., 2012)(Lu
et al., 2018). Evidence suggests that miR-143/145 overexpression resulted in
reduced plaque size and necrotic core and increased fibrous cap area thus
promoting plaque stability in APOE KO mice (Lovren et al., 2012). Cellular plaque
composition analysis showed increased levels of SMC contractile proteins, calponin
and a-smooth muscle cell actin, and decreased expression of KLF4 and increased
expression of MYOCD differentiation markers (Lovren et al., 2012). MiR-221 and
miR-222 were found elevated in rat injured arteries and in vitro findings suggested
that they promoted SMC proliferation and migration via targeting cyclin-
dependent kinase inhibitor 1C (CDKN1C) and cyclin-dependent kinase inhibitor 1B
(CDKN1B), inhibitors of cell cycle progression (Liu et al., 2009)(Liu et al., 2012).
Additionally, miR-21 has been shown to induce vascular SMC proliferation and
migration by targeting tropomyosin 1 (M. Wang et al., 2011). MiR-155’s role in
atherosclerosis has not been elucidated as studies report contradicting results
with atheroprotective and atherogenic properties (Feinberg and Moore, 2016).
Bone marrow deficiency of miR-155 in LDLR KO mice under high fat diet
aggravated atherosclerosis and plaque instability with an increased number of

circulating inflammatory cells (granulocytes and monocytes) and increased IL-6
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production by macrophages (Donners et al., 2012). On the contrary, Du et al.,
showed that miR-155 deletion in APOE KO mice fed a high fat diet resulted in
reduced plaque size compared to APOE KO mice with decreased nhumbers of T cells
(CD3+/CD4+, and CD3+/CD8+) Th17 cells (CD4+/I1L17+) found in the spleen and
also decreased circulating levels of TNF-a and IL-6 compared to APOE KO mice (Du
et al., 2014).

Communication in and between vascular cells is crucial for atherosclerosis
development. Zhao et al., showed that the X-box binding protein 1 (XBP1)
regulated miR-150 expression in SMCs and its subsequent enrichment in SMC-EVs
(Zhao et al., 2016). EV-miR-150 transfer to recipient ECs induced EC migration via
the vascular endothelial cell growth factor A (VEGF-A) VEGF-A/VEGFR/PI3K/Akt
pathway activation and thus affecting vessel wall homeostasis (Zhao et al., 2016).
Inhibition of EV-miR-150 transfer abolished EC migratory effects indicating that
EV-miRNA transfer could be a new target for atherosclerosis treatment (Zhao et
al., 2016). Another study showed that KLF5 transduced SMCs secreted EVs
enriched in miR-155 and EV-miR transfer to recipient ECs resulted in the
destruction of EC tight junctions, increased endothelial permeability and
atherosclerosis progression (Zheng et al., 2017). Impaired endothelial autophagy
has been associated with the progression of atherosclerosis (Grootaert et al.,
2018). Li et al. showed that co-culture of SMCs and ECs reduced endothelial
autophagy (Li et al., 2016). Intracellular communication was mediated via SMC
secreted EVs enriched in miR- 221/222 and EV-miR-221/222 transfer inhibited
autophagy via regulation of the PTEN/AKkt signaling pathway (Li et al., 2016).

MiRNA involvement in atherosclerosis has also been extensively discussed. Studies
have showed miRNA transfer between ECs/SMCs participates in the disease
pathology. Zhou et al., showed that miR-126 transfer from ECs to SMCs controls
SMC phenotypic switching towards a proliferative and migratory phenotype by
regulating SMC gene expression (Zhou et al., 2013). Another study showed that
SMC secreted miR-143/145 was transferred to ECs via tunnelling nanotubes,
plasma membrane structures important in cell-cell communication (Climent et al.,
2015). This study shows that EC-SMC communication is not a one-way street. The
miRNA cargo of EVs and specifically EV-miRNA transfer has proven to be a

potentially effective target in atherosclerosis.
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1.4.2 Fibrous stable plaque

The need to find biomarkers that would enable the detection of a coronary events
such as Ml is of great importance as early diagnosis would allow early interventions
to reduce ischemic damage to the myocardium. Endothelial dysfunction has been
associated with cardiovascular complications and platelets can regulate
angiogenesis and thrombus formation so they can provide information regarding
status of plaques (Nozaki et al., 2009)(Nording et al., 2015). EC and platelet-EVs
are the prime type of vesicles circulating in blood and studies have shown that
they can be used as independent biomarkers for CAD status (Bernal-Mizrachi et
al., 2003)(Nozaki et al., 2009)(Werner et al., 2006)(Sinning et al., 2011). EVs
isolated from endarterectomy specimens were found to transfer ICAM-1 molecules
from the membrane of ECs and promote monocyte recruitment indicating that

plaque EVs themselves promote plaque progression (Rautou et al., 2011).

Evidence suggests that macrophage apoptosis and necrotic core expansion is also
mediated via EV or miRNA signalling. It was shown that EVs secreted from Jurkat
T cells were cleared by macrophages through phagocytosis and as a result T-cell
EVs promoted macrophage apoptosis (Distler et al., 2005). Additionally, T-cell EVs
induced EV secretion by macrophages, possibly promoting secretion of EVs
containing new apoptotic messages that would result in enhanced cell death
(Distler et al., 2005). Another study showed that T-cell EVs induced macrophage
apoptosis via impaired lipid homeostasis (Huber et al., 2007). Authors showed that
T-cell EVs activated the phospholipid-ceramide pathway, induced the production
of arachidonic acid and increased levels of proapoptotic ceramides in
macrophages (Huber et al., 2007). However, other cell derived-EVs have been
found to promote macrophage and SMC apoptosis and plaque stability. MiR-155
has been shown to promote macrophage cell death and thus expansion of the
necrotic core (Sampat et al., 2012). MiR-29b, via suppression of IFN-y, promotes
collagen secretion from SMCs resulting in a thick fibrous cap and stable plaque
(Andreou et al., 2015). Caspase-3, cell death related caspase, has been found in
EC-EVs and platelets-EVs with studies showing that these EVs promoted
macrophage apoptosis but it was not clear if apoptosis was mediated by EV-
caspase transfer to recipient cells (Abid Hussein et al., 2005)(Boing et al., 2008).
Monocyte-EVs encapsulating caspase-1 have been found to promote SMC apoptosis
(Sarkar et al., 2009). Cell apoptosis is considered the turning point of a stable

plaque to an unstable plaque. Studies have shown that apoptosis takes places in
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advanced stable and ruptured plaques (Lutgens et al., 1999). Bennett et al,
discussed SMC apoptosis in atherosclerosis progression and stated that cell origin
was detrimental to the effect that apoptosis will have on the disease progression,

reducing or promoting inflammation (Bennett et al., 2016).

1.4.3 Vascular calcification

EVs and their cargo have been implicated in vascular calcification (Zhang et al.,
2018). A number of miRNAs have also been associated with vascular calcification
(Goettsch et al., 2013). MiR-204 has been found to negatively regulate mouse SMC
calcification in vitro via targeting Runx2 and thus inhibiting osteocalcin secretion
(Cui et al., 2012). Another study showed that inhibition of endogenous miR-125b
in calcified human coronary artery SMCs (HCASMCs) aggravated vascular
calcification by increasing matrix mineralisation and alkaline phosphatase activity
in vitro (Goettsch et al., 2011). EC-EVs were found enriched in bone
morphogenetic protein 2 (BMP-2) and calcium after TNF-a stimulation and
promoted calcification and induction of an osteogenic phenotype in SMCs (Buendia
et al., 2015). Another study showed that EC-EVs isolated after high inorganic
phosphate stimulation induced vascular calcification in recipient SMCs via
STAT3/BMP-2 signalling pathways (Xiang et al., 2022). Macrophage-derived EVs
can aggravate calcification processes in chronic kidney disease as they
encapsulate molecules like S100A9 that forms complex with Annexin V and allows

hydroxyapatite nucleation (New et al., 2013).

In physiological conditions, SMC-EVs are enriched with calcification inhibitors
(endogenously expressed matrix Gla protein, circulating fetuin-A) but mineral
imbalance, stress and/or inflammation results in enrichment of EVs with
phosphatidylserine and annexin A6, molecules that alter the SMC-EVs into
calcifying EVs (Reynolds et al., 2005). Kapustin et al., showed that certain
atherogenic stimulus such as TNF-a and PDGF increased EV secretion and
consequently SMC calcification in calcifying conditions (Kapustin et al., 2015). Xu
et al., found that melatonin induced miR-204/miR-211 in SMC secreted EVs and
EV-miRNA transfer attenuated osteogenic differentiation of SMCs via BMP-2
targeting indicating a protective role of SMC secreted EVs (Xu et al., 2020).
Another study found that EC secreted EVs containing miR-26a could control SMC
contractile phenotype via miRNA transfer to target ARF6 and NCX1 (Lin et al.,

2016). Hutcheson and colleagues, showed in a 3-D in vitro model collagen hydrogel
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resembling the atherosclerotic fibrous cap structure that SMC secreted EVs that
aggregated led to the formation of small microcalcifications that could evolve into

large, calcified areas (Hutcheson et al., 2016).

1.4.4 Advanced/Vulnerable plaques

MiRNAs and EVs have been studied extensively regarding their role in
atherosclerosis and plaque stability. A study found that EV-miRNA levels of miR-
199b-3p, miR-27b-3p, miR-130a-3p, miR-221-3p, and miR-24-3p were significantly
elevated in patients with asymptomatic carotid stenosis (Dolz et al., 2017). Bi et
al., found increased EV- miR-208a levels in patients with acute coronary syndrome
(ACS) indicating its contribution to thrombus formation (Bi et al., 2015). Another
study examined the effect of EVs isolated from explant-derived cardiac stromal
cells from patients with normal angiography results vs EVs from patients with heart
failure in a mouse model of MI (Qiao et al., 2019). Authors found that
intramyocardial injection of EVs from heart failure patients increased infarct size
aggravating cardiac function and vascular remodeling while injection with EVs
from non-heart failure patients reduced infarct size (Qiao et al., 2019). Profiling
of these EVs revealed that miR-21-5p expression was reduced in EVs from patients
with heart failure (Qiao et al., 2019). In vitro studies in HUVECs showed that miR-
21-5p silencing in EVs resulted in increased cell apoptosis while transfection of
HUVECs with miR-21-5p to increase miR-21-5p levels in EVs resulted in reduced
cell apoptosis (Qiao et al., 2019). Finally, several studies have reported evidence
on how miRNAs are implicated in fibrous cap thinning and plaque destabilisation,
plaque erosion and calcification (summarised in (Andreou et al., 2015)). MiR-29b
levels were found elevated in biopsies of human thoracic aneurysms and its
expression was induced in models of genetically induced aneurysms in Fibulin-4R/R
KO mice which demonstrate extracellular matrix components defects suggesting
their implication in fibrous cup thickening (Boon et al., 2011). MiR-24 via targeting
of MMP-14 has been suggested to promote plaque stability with stable plaques
containing higher levels of miR-24 and unstable plaques containing lower levels of
miR-24 (Di Gregoli et al., 2014).
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(A) Fatty streak formation (B) Stable plaque/Fibroatheroma (C) Vulnerable plaque/Thrombus formation
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Figure 1-6 EVs and their miRNA cargo signalling in vascular inflammation and
atherosclerosis.

Schematic representation of EVs and their cargo participating in early and late
steps of atherosclerotic lesion progression. (A) In early stages of atheroma
formation, EC-EVs via transfer of their cargo induce endothelial ICAM-1, VCAM-1
expression, reduction of NO production. Endothelial EV-miR-92a promotes oxLDL
uptake by macrophages. Monocyte-EVs and miR-155/223 aggravate vascular
inflammation and ICAM-1 and VCAM-1 expression by ECs. Macrophage turned into
foam cell-EVs and induce SMC proliferation and migration, aggravating the
progression of the disease. Crosstalk between cells is fundamental; SMC-EVs can
promote EC migration and via EV-miR-155 transfer promote tight junction
destruction. (B) Dead cells accumulate in the plaque’s necrotic core. Casapse-1
transfer form monocyte-EVs to SMCs promoted vascular death and participate in
formation of the atherosclerotic plaque. (C) Weakening of the fibrous cap is the
main cause of plaque rupture. EVs from various sources (macrophage, endothelial)
encapsulate MMPs and may degrade extracellular matrix and destabilize the
plaque. Platelet and monocyte derived EVs can also enhance thrombus formation.
Adapted from ((Charla et al., 2020), published under published under a Creative
Commons CC-BY license).
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1.5 Aims and Hypothesis

Atherosclerosis is still the main cause of death worldwide due to its subsequent
complications and EVs have been recognised for their contribution to lesion
development. The hypothesis of this study is that intracellular communication of
vascular cells, including SMCs and ECs, is mediated by EVs via transfer of their
cargo, thereby acting as second messengers and participating in atherosclerosis
progression. Atherogenic stimuli like oxLDL will alter EV properties along with

their cargo and, as a result, the biological properties of EVs.

o To characterise the effect of oxLDL stimulation on EV release from SMCs
and analyse their biological effects including cellular uptake and cell death

on recipient cells.

o To profile the small RNA cargo of SMC-EVs after oxLDL stimulation, identify
gene targets for specific miRNAs and formulate a pathway hypothesis on
how identified miRNAs regulated disease related biological functions via

target gene regulation.

o To characterise EVs from mice with and without atherosclerosis and the EV-

miRNA expression from serum EVs of mice with and without atherosclerosis.

o To modulate the miRNA expression of SMC-EVs and study the biological

outcome and regulation of gene targets by specific miRNAs.
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Chapter 2 Materials and Methods
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2.1 Solutions
Table 2-1 Solutions

Solutions

RIPA buffer (5 mL)

1X TBS (1L)

1X TBST (1 L) (TBS-0.05%
Tween)

1X Tris-EDTA (TE) (100 mL)

0.1X TE (50 mL)
4% PFA

50 mM trehalose

1% BSA

5 mL of RIPA Lysis and Extraction Buffer (Thermo
Scientific™, Renfrewshire Scotland, UK) were
supplemented with %2 tablet cOMPLETE protease
inhibitor (Roche, Switzerland) and 50 pL phosphatase
inhibitor (Sigma Aldrich, Irvine, UK)

100 mL 10X TBS (Thermo Scientific™ TRIS-buffered
saline (TBS, 10X) pH 7.4, for Western blot) diluted in
900 mL H;0

500 pL Tween 20 (Sigma Aldrich, Irvine, UK) in 1L 1XTBS

0.121 g Tris, 0.037 g EDTA diluted in 100 mL H,O, pH 8.
Solution was autoclaved

5 mL 1X TE diluted in 45 mL RNAse free H;0

4 g of paraformaldehyde (PFA) were dissolved in 100
mL of DPBS. The solution was heated to 60°C to ensure
complete dissolution of PFA. pH was measured.
Aliquots of 5 mL were stored at -20°C

0.0378 g of trehalose were dissolved in 2 mL of sterile
DPBS. Solution was filtered prior to use

0.3 g of BSA were dissolved in 30 mL of sterile DPBS.
Solution was filtered prior to use. Solution was filtered

prior to use
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2.2 Cell culture

2.2.1 Cell maintenance

Primary human coronary artery SMC (HCASMC; PromoCell, Heidelberg, Germany
and Thermo Scientific™, Renfrewshire Scotland, UK) were cultured in Smooth
Muscle Cell Growth Medium 2: Basal Medium and Supplement Pack (C-22162
PromoCell, Heidelberg, Germany), supplemented with 100 international units
(1.U)/mL penicillin, 100 pg/mL streptomycin. The supplement pack contained:
Fetal Calf Serum (0.05 mL/mL), Epidermal Growth Factor (recombinant human)
(0.5 ng/mL), Basic Fibroblast Growth Factor (recombinant human) (2 ng/mL) and
Insulin (recombinant human) (5 pg/mL). Cells were grown in a T75 cm? tissue
culture flask and incubated at 37°C with 5% carbon dioxide (CO2).

Primary human coronary artery EC (HCAEC; Sigma Aldrich, Irvine, UK) were
cultured in Endothelial Cell Growth Medium MV: includes Basal Medium and
Supplement Pack (C-22120 PromoCell, Heidelberg, Germany), supplemented with
100 international units (l.U)/mL penicillin, 100 pg/mL streptomycin. The
supplement pack contained: Fetal Calf Serum (0.05 mL/mL), Endothelial Cell
Growth Supplement (0.004 mL/mL), Epidermal Growth Factor (recombinant
human) (10 ng/mL), Heparin (90 pg/mL), Hydrocortisone (1 pg/mL). Cells were
grown a T75 cm? tissue culture flask and incubated at 37°C with 5% carbon dioxide
(CO2).

For both cell types: every 2 days cell culture media was changed until cells
reached 80% confluence. Culture media was removed, and cells were washed
twice with 5 mL of sterile Dulbecco's phosphate-buffered saline (DPBS 1X W-OUT
CALCIUM, Invitrogen™, Renfrewshire Scotland, UK) and incubated with 5 mL of 1x
Trypsin-ethylenediamine tetra-acetic acid (EDTA) (10x 0.5% trypsin-EDTA, Gibco,
Renfrewshire Scotland, UK) at 37°C for approximately 5 minutes or until the
majority of cells detached from the surface of the flask. Next, 13 mL of Trypsin
Neutralizing media (10% (v/v) FBS (FBS HEAT INACTIVE S American, Invitrogen™,
Renfrewshire Scotland, UK) in Dulbecco's Modified Eagle Medium (DMEM),
Invitrogen™, Renfrewshire Scotland, UK) was added to neutralize the enzyme. Cell
supernatant was subjected to centrifugation at 220g for 5 minutes, the
supernatant was removed, and the pellet of cells was resuspended in 1 mL of
Smooth Muscle Cell Growth Medium 2 or Endothelial Cell Growth Medium MV. Cells
were transferred to a T75 cm? flask containing 14 mL of Smooth Muscle Cell Growth
Medium 2 or Endothelial Cell Growth Medium MV. Cells were grown to 70-80%
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confluence before subculturing and all experiments were conducted on HCASMC
between passages 5-7.
Table 2-2 HCASMC Donor details

HCASMC Donor details

Donor ID  Sex Age Comments Provider

1689414 Female 32 Thermo Scientific™
2206118 Female 32 Thermo Scientific™
416Z048.4 Female 63 Asian Promocell

C0175 Unknown  Unknown Donor cells provide by Thermo Scientific™

Dr Bradshaw without

further information

2.2.2 Cell counting and plating

After trypsinization and centrifugation, cells were resuspended in 5 mL of cell
culture media. Next, 10 L of cell suspension was placed on a hematocytometer
across the chamber. The hematocytometer was placed on a light microscope and
the number of cells in each square was counted. The sum of 4 squares was divided
by 4 to generate the average cell count. The following equation was used to

calculate the concentration of cells per mL:

Cells average cell count x 10*
mL S5mL

The equation could be modified if the volume which the cells were resuspended

changed.

Plate Cell density Media added
(cells/mL) (mL)
6-well plate 1x103 2
12-well plate 1.5x10° 1
24-well plate 1x103 0.5
96-well plate 4x10* 0.2

Based on cell density needed for each plate, the appropriate volume of cell

suspension was added to each well. When passaging HCASMC, 7,500 - 10,000 cells
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per cm? were added to each T75 cm? flask as per Promocell recommendation.
When passaging HCAEC, 5,000-10,000 cells per cm? were added to each T75 cm?

flask as per Promocell recommendation.

2.2.3 Cryo-preservation and recovery of cells

To prepare cells for cryo-preservation, confluent cells were subjected to
trypsinization and centrifugation as described in section 2.2.1. The cell pellet was
then resuspended in 1 mL complete media supplemented with 10% (v/v) dimethyl
sulphoxide (DMSO; Thermo Scientific™, Renfrewshire Scotland, UK) and 10% (v/v)
FBS. The cell suspension was transferred into a cryo-preservation vial and cooled
at a constant -1°C/minute to -80°C using a Mr Frosty™ Freezing Container (Thermo
Scientific™, Renfrewshire Scotland, UK) containing isopropanol. Next day, frozen
cells were transferred to liquid nitrogen storage where they were stored

indefinitely.

Prior to the recovery of the cells, 14 mL of Smooth Muscle Cell Growth Medium 2
or Endothelial Cell Growth Medium MV was added into a T75 cm? flask and the
flask was placed into the incubator. Frozen cells were recovered from liquid
nitrogen and thawed as per manufacturer’s instruction. The cryo-vial was partially
submerged inside the water bath for 2 minutes until cells were thawed. Next,
cryo-vial was sprayed with 70% ethanol, placed inside the hood and cells were
transferred into the flask using a Gibson pipette. The next day, media was

replaced.

2.3 Functional in vitro assays

2.3.1 Dil-oxLDL uptake by HCASMCs

HCASMCs at a density of 5x10* cells/mL were plated in a 96-well plate (96 well
plate, SCREENSTAR, black, sterile, Stonehouse, UK). No cell starvation was
performed. Cells were washed with DPBS prior to treatment. Cells were treated
with Dil-oxLDL (Dil-Lipoprotein, low density, oxidized, human plasma, Alpha
Aesar, Ward Hill, Massachusetts, US) with a range of concentrations from 5 pg/mL
to 200 pyg/mL and control cells were left untreated with for 5 hours. Next, cells
were washed 2 times with DPBS and then fixed with 4% PFA in DPBS for 10 minutes.
PFA was removed from the cells and washed 2 times with DPBS to ensure removal

of PFA. Nuclei were stained with 4',6-Diamidine-2’-phenylindole dihydrochloride
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(DAPI) (Sigma Aldrich, Irvine, UK) (1:1000 in DPBS) for 10 minutes in the dark. DAPI
stain was removed from cells and washed with DPBS to remove unbound stain from

cells. Cells were kept in DPBS in the fridge in the dark until they were imaged.

Cells were imaged with the Leica DMi8 Inverted Microscope (Leica Microsystems,
Wetzlar, Germany) and images were acquired using the LAS X software (Leica
Microsystems, Wetzlar, Germany) at 40x magnification. Lasers were always
tested, and settings were applied based on fluorescence detected in the negative
control sample and then the rest of the samples were imaged. A scale bar of 100
pm was selected and was added to each captured image. For quantitative analysis,
3 images per well were taken and all of them were included in the analysis. Dil-
oxLDL fluorescence was analysed using ImageJ software. The merged tiff or jpg
image was opened in ImageJ. On the menu bar, image option was selected, the
colour option and then split channels where each channel/fluorescent dye was
imaged separately. The image for one channel was selected, the option adjust
was selected and then threshold. The greyscale threshold was adjusted until the
white specks (DAPI stain or Dil-oxLDL stain) were separated from background. By
clicking apply, a black and white image was generated. To measure the white area
which represented fluorescence stain, the option analyse was chosen and set
measurements option was chosen. Then by clicking analysis and measure, a
window was created where the % Area represented the black area/ background.
Therefore, to estimated % fluorescence (white area): % fluorescence intensity
(white area) = 100% - % Area (black area/background). The same process was
followed for each fluorescent dye within each image captured. The % fluorescence
for DAPI and Dil-oxLDL were calculated. The final % fluorescence was calculated
by dividing the % fluorescence of Dil-oxLDL with % fluorescence of DAPI and that
ratio was multiplied by 100.

% fluorescence Dil — oxLDL
% fluorescene DAPI

% fluorescence in DAPI = ( ) * 100

2.3.2 MTT Assay

Estimation of cell metabolic activity after EV treatment was performed using the
CyQUANT™ MTT Cell Viability Assay (Thermo Scientific™, Renfrewshire Scotland,
UK). The MTT assay exploits the ability of certain enzymes to reduce the soluble
MTT dye into insoluble purple formazan crystals. Metabolically active cells or

viable cells can reduce the MTT dye into the insoluble purple formazan crystal.
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The formazan crystal become soluble SDS-HCL addition resulting in a colorimetric
change in the cell culture media. The assay was performed as per manufacturer’s
instructions. Cells were seeded into a 96-well plate at a density of 4x10* cells/mL.
After EV treatment, media was removed and replaced with 100 pL of fresh media.
10 pL of 12 mM MTT stock was added to each well and mixing by pipetting up and
down. The 12 mM MTT stock was prepared by adding 1 mL of sterile DPBS to one
5 mg vial of MTT. MTT stock was vortexed thoroughly until crystal was dissolved.
Cells were incubated with MTT dye in the dark for 4 hours in the incubator. After
the 4-hour incubation, 100 pyL of SDS-HCL solution was added to each well and
mixing was achieved using a pipette. To prepare the SDS-HCL solution, 10 mL of
filtered 0.01 M HCL was added to one tube containing 1 g of SDS. The solution was
mixed gently until the SDS was completely dissolved. The plate was incubated for
4 hours in the dark at 37°C. Each sample well was mixed again, and plate
absorbance was measured at 570 nm using a PerkinElmer 2030 plate reader. Blank
measurements, empty wells with fresh media, 12 mM MTT and SDS-HCL, were

subtracted from all absorbance values before analysing the data.

2.3.3 BrdU cell proliferation assay

Estimation of cell proliferation was performed using the Cell Proliferation ELISA,
BrdU (colorimetric) (Sigma Aldrich, Irvine, UK). Bromodeoxyuridine (BrdU) is a
thymidine analog that incorporates into the DNA of dividing cells during the S-
phase of the cell cycle. Monoclonal antibodies/labelled probes against BrdU have
been developed and allow the detection of proliferating cells (Crane and
Bhattacharya, 2013). The assay was performed as per manufacturer’s instructions.
Cells were seeded into a 96-well plate at a density of 4x10* cells/mL. Cells were
quiesced for 48 hours before treatment. Before adding the treatment, BrdU
labelling reagent was diluted 1:1000 in media used for the treatment. The media
containing BrdU labelling reagent was used to prepare appropriate treatments
apart from one blank/background control sample in which wells contained cells
with media without BrdU labelling reagent. Two blank/background controls were
prepared for this type of assay, one where wells contained cells without BrdU
labelling reagent so the background absorbance of cells could be estimated and,
the second where there were no cells + media + BrdU labelling reagent so
background binding of BrdU labelling reagent to the plastic could be estimated.
After 24 hours treatment, labelling media was removed by suction. Cells were

dried by incubating the plate at 60°C for 1 hour. Next, 200 pL of FixDenat solution
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was added to cells for 30 minutes at room temperature. The FixDenat solution was
removed by flicking off and tapping the plate. The Anti-BrdU-POD was diluted
1:100 with antibody dilution solution and 100 pL of anti-BrdU-POD working solution
was added to each well. Next, the plate was incubated for 90 minutes at room
temperature. The antibody conjugate was removed by flicking off and tapping the
plate. Wells were washed 3 times with 200-300 pL per well with Washing solution.
To prepare the Washing solution, the Washing buffer was diluted 1:10 with ddH-0.
The Washing solution was removed by tapping the plate. After, 100 pL of Substrate
solution was added to each well for 30 minutes to allow sufficient colour
development for photometric detection. To stop the reaction, 25 pyL of H,504 were
added to each well and the absorbance of the samples was measured in a
PerkinElmer 2030 plate reader at 450 nm. The higher mean background value was

subtracted from other absorbance values.

2.3.4 Scratch assay

Estimation of cell migration was performed using an in vitro scratch assay. When
cells were confluent, a “wound” was created with a 1000 pL tip. In this assay cells
at the edge of the wound polarize and start to migrate from the edge of the wound
(starting position), perpendicular to the wound edge towards the scratched wound
so to ensure complete closure (Cory, 2011). Prior to cell seeding into a 12 well
plate, a marker pen was used to draw 3 lines, equally distanced to each other, on
the back of the plate for all the wells. Primary HCASMCs, 1,5x10° cells/mL, were
seeded into a 12 well plate and were grown until 80-90% confluence was achieved.
Cells were quiesced for 48 hours. A scratch was performed in the middle of each
well using a sterile 1000 pL pipette tip. Cells were washed once with DPBS and
media was replaced with migration stimulation media. In each well, the scratch
was imaged at 3 locations using the EVOS XL Core microscope (Thermo Scientific™,
Renfrewshire Scotland, UK) at 10x magnification. On each well, scratch was
imaged at 3 same locations for each timepoint (0 hours, > timepoint). Images were
analysed using ImageJ software. Each image bmp file was opened with ImageJ. On
the menu bar, the option analyse was selected, then tools and then grid was
selected. The area per point was set to 10,000 pixels?. Then, 15 lines were formed
within the image. The distance between the edges for only the top 10 lines were
measured for each image. Values were expressed as % wound closure compared to

0 hour wound distance.
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2.3.5 oxLDL Elisa assay

Levels of oxLDL in EV samples were measured with Human Oxidized Low-Density
Lipoprotein (OxLDL) ELISA Kit (Human Oxidized Low-Density Lipoprotein (OxLDL)
ELISA Kit, Upper Heyford, UK). Before EV isolation, treatment + (v/v) 500 pg/mL
Proteinase K (Proteinase K, recombinant, PCR Grade, Sigma Aldrich, Irvine, UK)
was performed. Proteinase K (PK) treatment is usually used to remove
contaminants from EV samples (Foers et al., 2018)(Rekker et al., 2014).
Conditioned culture media (CCM) (150 pL) prior to EV isolation was divided into 3
samples of 50 pL (native condition, -PK, +PK). In the native sample no PK was
added with no further manipulation and EVs were isolated as described in 2.4.1.
In the -PK sample, 50 pL of DPBS was added and in the +PK sample, 50 pL of 500
pg/mL PK in DPBS was added. Both -PK and +PK samples were incubated at 37°C
for 1 hour and at 60°C for 10 minutes to deactivate the enzyme, prior to EV
isolation. EVs isolated as described and concentrated to 100 pL. To lyse EV sample,
25 pL of RIPA lysis buffer was added (1:4 RIPA/EV). Lysed samples were diluted to
200 pL via the addition of 85 pL Diluent Buffer. All kit components were brought
to room temperature prior to usage. Standards were reconstituted with 2 mL of
Diluent Buffer and mixed gently. A series of dilutions using Diluent Buffer was
performed to prepare the rest of the standards and blank as per manufacturer’s
instructions. Next, 100 pL of standards, samples and blank were added to the
assigned wells. Plates were covered with plate sealer and incubated for 2 hours
at 37°C. Liquid from each well was removed, 100 pyL of Detection Reagent A
working solution was added to each well and the plate was incubated for 1 hour
at 37°C. The solution was aspirated from each well and 350 pL of 1x Wash Solution
was added to each well. The Wash solution was left for 1-2 minutes, and then
removed from the wells, and the same process was repeated twice. Next, 100 pL
of Detection Reagent B working solution was added to each well and the plate was
incubated for 1 hour at 37°C. The aspiration/wash process was repeated 5 times
as described previously. After, 90 pL of Substrate Solution was added to each well,
the plate was covered with a new plate sealer and incubated for 15-25 minutes at
37°C. Finally, 50 pL of Stop Solution was added to each well and absorbance was
measured at 450 nm using a PerkinElmer 2030 plate reader. The oxLDL
concentration was determined by interpolation of x-values from the standard

curve.
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2.3.6 PKH-67 labelled-EV uptake by HCAEC

HCAECs at a density of 5x10* cells/mL were plated in a 96-well plate (96 well
plate, SCREENSTAR, black, sterile, Stonehouse, UK). No cell starvation was
performed. Cells were washed with DPBS prior to EV treatment. Cells were
incubated with 2x10'° particles per well of labelled Control-EVs, oxLDL-EVs and
negative control sample for different timepoints. After incubation, treatment was
removed, and cells were washed with DPBS. Cells were fixed by adding 100 pL of
4% PFA in DPBS in each well for 10 minutes. PFA was removed and cells were
washed with DPBS. DAPI nuclei staining followed for 10 minutes in the dark. DAPI
was diluted to 1:1000 in DPBS before staining and 100 pL of DAPI was added to
each well. Next, DAPI was removed, and cells were washed again with DPBS to
remove unbound dye. Cells were kept in DPBS in the fridge in the dark until they
were imaged with Leica DMi8 Inverted Microscope (Leica Microsystems, Wetzlar,
Germany). Images were acquired using the LAS X software at 40x magnification

(Leica Microsystems, Wetzlar, Germany).

2.4 General molecular biology techniques

2.4.1 RNA extraction
For the purpose of this study, RNA was extracted from EVs and cells. For RNA

extraction, the miRNeasy mini kit (Qiagen, Manchester, UK) was used as per

manufacturer’s instructions.

EVs were isolated from cell conditioned media and concentrated after isolation to
a final volume of 100 pL as described in Section 2.5.1. EVs were spiked with a
known amount of synthetic miRNA as described in Section 2.4.3.1. After this, 500
ML QIAzol Lysis Reagent was added to each EV sample. When isolating RNA from
serum EV samples, 500 puL of QIAzol was added to total 50 pL of serum EV sample.
Regarding RNA isolation from cells (1xT75, 12-well plate etc), 700-1000 pL of
QIAzol was added, cells were scraped using a Corning® cell scraper (Sigma Aldrich,
Irvine, UK) and homogenate was transferred to a 1.5 mL eppendorf. As seen in
Table 2-2, when adding variable volume of QIAzol the volume of chloroform and

ethanol was adjusted accordingly.

After QIAzol lysis reagent addition, homogenate was vortexed for 1 minute to

achieve homogenization and left at room temperature for 5 minutes. Chloroform
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was added to each homogenate and was shaken for 15 seconds. The homogenate
was left at room temperature for 3 minutes and underwent centrifugation for 15
minutes at 12,000g at 4°C. The upper aqueous phase containing RNA was
transferred to a new collection tube, an appropriate volume of 100% ethanol was
added and was mixed thoroughly by pipetting. The sample was transferred into a
RNeasy Mini spin column and subjected to centrifugation at 8,000¢g for 15 seconds
at room temperature for the RNA to bind in the column. Column was washed with
700 pL of Buffer RWT at 8,000g for 15 seconds and the flow through was discarded.
Next, 500 uL of Buffer RPE was added and centrifugation was performed at 8,000g
for 15 seconds at room temperature. Another 500 pL of Buffer RPE was added and
the column was subjected to centrifugation at 8,000g for 2 minutes at room
temperature. The column was transferred to a new 2 mL collection tube and
underwent centrifugation at maximum speed for 1 minute. The RNeasy Mini spin
column was transferred to a new 1.5 mL eppendorf, 20 uL of RNase-free water
were pipetted into the centre of the column. Centrifugation of the column was
performed at 8,000¢g for 1 minute at room temperature to elute RNA. RNA samples

were stored at -80°C until use.

Table 2-3 QlAzol Lysis Reagent volumes for various sample volumes

QlAzol (pL) Chloroform (uL)  Ethanol (pL)
500 100 450
700 140 525
1000 200 900

2.4.2 Determination of nucleic acid concentration

To determine the concentration of samples, 1-2 pL of RNA was measured using a
Nanodrop™ ND-1000 spectrophotometer (Thermo Scientific™, Renfrewshire
Scotland, UK) at 260 nm wavelength. Nanodrop V.5 software was used to calculate
the concentration of the sample. Two measurements per sample were performed
and the average of the two values was used to estimate the concentration. The
measurement at 280nm was used to determine the purity of the nucleic acid as
the ratio 260 nm/280 nm is the ratio of DNA or RNA to protein. In high purity

solutions this ratio is from 1.7 to 1.9.
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2.4.3 Reverse Transcription Polymerase Chain Reaction (RT-PCR)

2.4.3.1 RT-PCR to investigate miRNA expression

When investigating miRNA expression in EV samples (cell secreted EVs, serum or
aortic tissue EVs), samples were spiked with an already known amount, 2 x10-3
picomoles or 27 pg, of Caenorhabditis elegans miR-39 (Syn-cel-miR-39-3p miScript
miRNA Mimic, MSY0000010) or Arabidopsis thaliana ath-miR159a (Syn-ath-miR159a
miScript miRNA Mimic, MSY0000177) (Qiagen, Manchester, UK). A synthetic miRNA
was added to EV samples to be used as a control for miRNA normalization as there
is no consensus to an appropriate EV-miRNA housekeeping gene (Mitchell et al.,
2008)(Zampetaki and Mayr, 2012). When investigating the miRNA expression in
cells RNU48 was used as housekeeping miRNA gene for normalization
(Schwarzenbach et al., 2015).

cDNA synthesis for detection and quantification of miRNA was performed using
TagMan™ MicroRNA Reverse Transcription Kit (Thermo Scientific™, Renfrewshire
Scotland, UK). The reaction contained 1X Reverse Transcription buffer, 1 mM of
each dNTP, 0.25 U/pL RNase inhibitor, 3.33 U/pL MultiScribe™ Reverse
Transcriptase enzyme and 1X TagMan® microRNA Reverse Transcription primer.
Additionally, 2.5 pL of RNA were added to the reaction and nuclease-free water
was added to make up the final volume to 7.5 pL. When transcribing RNA from
EVs, 2.5 pL of RNA were added to the reaction. When investigating miRNA in cells,
2.5 pL of 2 ng/pL RNA were added to the reaction (El-Khoury et al., 2016). Several
studies suggest that in certain cases where RNA quantification is performed with
a NanoDrop spectrophotometer it can prove to be challenging, such as EV RNA
quantification, and therefore a fixed RNA volume rather than fixed RNA quantity
is preferable (Tiberio et al., 2015)(Zampetaki and Mayr, 2012)(El-Khoury et al.,
2016).

Next, 7.5 pL reactions were prepared in 96-well PCR plates (Starlab, Milton
Keynes, UK) on ice and were covered with adhesive PCR plate seals (Thermo
Scientific™, Renfrewshire Scotland, UK). A non-template control was prepared for
each miRNA primer where instead of RNA, nuclease free water was added to
detect contamination. Reverse transcription was performed in a Tetrad PTC-225
Thermal Cycler (MJ research, Ramsey, USA) under the following conditions: 16°C

for 30 minutes (binding of the miRNA stem-loop primer), 42°C for 30 minutes
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(reverse transcription) and 85°C for 5 minutes (inactivation of the reverse

transcription enzyme). cDNA samples were stored at -20°C until used.

2.4.3.2 RT-PCR to investigate gene expression

cDNA synthesis for gene expression investigation, was performed using Superscript
Il reverse transcriptase according to the manufacturer’s instructions (Thermo
Scientific™, Renfrewshire Scotland, UK). As a housekeeping gene, ubiquitin C
(UBC) gene was used. Each reaction mix contained: First-strand buffer (250mM
Tris-HCLl (pH 8.3), 375mM KCl, 15mM MgClz), DTT, dNTP mix, Random Hexamer
primer, RNasin® Ribonuclease Inhibitor and SuperScript Il Reverse Transcriptase.
Briefly, 200 ng of total RNA was diluted in 10 pL nuclease-free water in a 96-well
PCR plates (Starlab, Milton Keynes, UK) on ice and were covered with adhesive
PCR plate seals (Thermo Scientific™, Renfrewshire Scotland, UK). A non-template
control was prepared where instead of RNA, nuclease free water was added to
detect contamination. Reverse transcription was performed in a Tetrad PTC-225
Thermal Cycler (MJ research, Ramsey, USA). The plate was incubated for 10
minutes at 70°C to denature the RNA followed by a 10 minute incubation step at
4°C. Next, 10 pL of reaction mix (prepared as described above) was added to each
well. The plate was incubated for 10 minutes at 25°C, 60 minutes at 42°C, 15
minutes at 72°C (inactivate enzyme) and incubated at 4°C. cDNA samples were
stored at -20°C until used.

2.4.4 RT-qPCR

TagMan™ Universal Master Mix Il, no UNG (Thermo Scientific™, Renfrewshire
Scotland, UK) was used for mRNA/miRNA expression analysis in EVs, cells etc. Each
TagMan® Gene/miRNA Expression Assay includes a pair of unlabelled primers and
a TagMan probe with a VIC/FAM™ dye label on the 5 end and nonfluorescent
quencher on the 3' end. Denaturation of double-stranded cDNA is achieved with
increases in temperature. Next, temperature reduction allows the primers and
probe to bind to the sequence of interest. Taq DNA polymerase which is present
in TagMan™ Universal Master Mix synthesizes new strands and cleaves the
quencher molecule from the probe, thus releasing the fluorescent dye. The
fluorescence produced in each cycle is proportional to the amount of

mRNA/miRNA amplified in each cycle.
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2.4.41 RT-qPCR for miRNA expression

Amplification of cDNA template was performed with TagMan™ Universal Master
Mix I, No UNG (Thermo Scientific™, Renfrewshire Scotland, UK). A list of all miRNA
assays used in this study can be found in Table 2-4. Next, 10 pL triplicate reactions
were prepared in MicroAmp™ Optical 384-well reaction plates (Thermo
Scientific™, Renfrewshire Scotland, UK) on ice and plates were covered with
MicroAmp™ Optical Adhesive Film (Thermo Scientific™, Renfrewshire Scotland,
UK). Control from RT-PCR plate and a non-template control were used where
instead of cDNA, nuclease free water was added. Amplification was performed
with QuantStudio 12K Flex Real-Time PCR System using standard TagMan gPCR
thermal cycling conditions: 95°C for 10 minutes (Taq activation), 95°C for 15
seconds (denaturation), 60°C for 60 seconds (annealing, extension) (40 cycles).

The reactions were prepared as follows:

Master mix reagents Volume (yL) miR-39/miR-159
2X TagMan Universal Master Mix 5 5

20X TagMan microRNA probe 0.5 0.5
Nuclease-free water 2.5 3.8

cDNA product 2 0.7

Table 2-4 List of Thermo Fisher Scientific TagMan miRNA assays

miRbase ID Assay ID
hsa-miR-125b-5p 000449
hsa-miR-125b-2-3p 002158
cel-miR-39-5p 000200
ath-miR159a 000338

hsa-RNU2 CTFVKZ3
hsa-miR-199a-5p 000498
hsa-miR-199b-5p 000500
RNU48 001006
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2.4.4.2 RT-qPCR for Gene expression

Amplification of cDNA template was performed with TagMan™ Universal Master
Mix Il, No UNG (Thermo Scientific™, Renfrewshire Scotland, UK). A list of all
TagMan™ gene expression assays used in this study can be found in Table 2-5.
Next, 10 pL triplicate reactions were prepared in MicroAmp™ Optical 384-well
reaction plates (Thermo Scientific™, Renfrewshire Scotland, UK) on ice and plates
were covered with MicroAmp™ Optical Adhesive Film (Thermo Scientific™,
Renfrewshire Scotland, UK). Control from RT-PCR plate and a non-template
control were used where instead of cDNA, nuclease free water was added.
Amplification was performed with QuantStudio 12K Flex Real-Time PCR System
using standard TagMan gPCR thermal cycling conditions: 50°C for 2 minutes, 95°C
for 10 minutes (Taq activation), 95°C for 15 seconds (denaturation), 60°C for 60
seconds (annealing, extension) (40 cycles). The reactions were prepared as

follows:
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Master mix reagents Volume (pL)

2X TagMan Universal Master Mix 5
20X TagMan Gene Expression Assay 0.5
Nuclease-free water 2.5
cDNA product 2

Table 2-5 List of Thermo Fisher Scientific TagMan™ gene expression assays

Gene Gene name Assay ID
abbreviation
STAT3 Signal transducer and activator of Hs00374280_m1
transcription 3
TP53 Tumor protein p53 Hs01034249_m1
SP1 Specificity Protein 1 Hs00916521_m1
ERBB2 Erb-b2 receptor tyrosine kinase 2 Hs01001580_m1
ERBB3 Erb-B2 Receptor Tyrosine Kinase 3 Hs00176538_m1
PPP1CA Protein Phosphatase 1 Catalytic Hs00267568_m1
Subunit Alpha
UBC Ubiquitin C Hs00824723_m1

2.4.5 Relative Quantification

Data analysis and relative gene/miRNA expression was performed using the 2-4dct
method (Livak and Schmittgen, 2001). The cycle threshold (Ct) from the
exponential phase of the reactions was used for analysis. Ct represents the number
of cycles required for fluorescent signal to cross the detection threshold. The Ct
value is inversely proportional to the amplified target sequence. Data
normalization is required by the calculation of dCt: Ct value of sample - Ct value
of a housekeeping gene or miRNA. When experiments were performed in
triplicate, the average dCt for each condition was calculated. For statistical

analysis, the dCt values were used. The ddCt was calculated as described below:

ddCt = dCt (treated sample) ~ dCt (untreated sample/control)

Relative quantification (RQ), is the fold-change of the treated sample versus

control/untreated samples was calculated as described below:

RQ — 2-ddCt
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2.5 EV experimentation

2.5.1 EV generation and isolation by Size Exclusion

Chromatography (SEC)

2.5.1.1 EV generation and isolation from CCM from 3xT75 cm?
flasks

For experiments using quiesced HCASMC to isolate EVs, cells were cultured in
serum starvation medium/serum free medium (SF) (0% FBS, 100 I.U/mL penicillin,
100 pg/mL streptomycin and 2mM L-glutamine) for 48 hours prior to EV collection.
HCSMCs in 3xT75 cm? flasks were starved for 24 hours prior to stimulation. For
most stimulation experiments, quiescent HCASMCs were treated with SF media or
oxLDL (10 pg/mL) in SF media (Low Density Lipoprotein from Human Plasma,
oxidized (OxLDL); Thermo Scientific™, Renfrewshire Scotland, UK) for 24 hours.
Cells were washed twice with sterile DPBS and then were cultured in SF media for
48 hours. After that, CCM was collected for EV isolation. The EV isolation protocol
was kindly provided by Professor Sean Davidson (University College London,
London). CCM underwent centrifugation at 300g at 4°C for 10 minutes to removed
dead cells and debris from the collected media. The supernatant was collected
and was subjected to centrifugation at 10,000g at 4°C for 40 minutes to remove
microvesicles from the collected media. The supernatant was concentrated to
final volume of 200 pL with Vivaspin 20 centrifugal concentrator-MWCO 30 kDa
(Sigma Aldrich, Irvine, UK) by centrifugation at 2,000g at 4°C. CCM was
concentrated up to 200 pL as that was the lowest concentration volume of the
Vivaspin 20 centrifugal concentrator. For EV isolation, the qEVsingle/35nm column
(qEVsingle/35nm, Cat.no: SP6, IZON, UK) and the Automatic Fraction Collector
(AFC) by IZON were used. Next, 100 puL of the concentrated media was added to
the gEV single column, the column was flushed with filtered DPBS and the void
volume and 3 fractions were collected (described in Section 2.5.1.2). The
remaining 100 pL of concentrated media was isolated the same way. Then, the
void volume and 3 fractions of two isolations were pooled together and
concentrated with centrifugation at 2,000g at 4°C using the Amicon® Ultra-4
Centrifugal Filter Unit (Sigma Aldrich, Irvine, UK) to approximately 100 pL. The
reason for pooling together the fractions from two isolations was with the aim to
isolate EVs from the whole of CCM and maximize the isolated EV yield. EVs were

stored at 4°C short term and -80°C long term.
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2.5.1.2 Optimisation of EV elution profile by Size Exclusion

Chromatography (SEC)
Cells were grown, trypsinized and counted as described in Sections 2.2.1 and
2.2.2, respectively. HCASMCs in 3xT75 cm? flasks were starved for 24 hours prior
to stimulation experiments. For most stimulation experiments, quiescent
HCASMCs were treated with SF media or oxLDL (10 pg/mL) in SF media (Low
Density Lipoprotein from Human Plasma, oxidized (OxLDL); Thermo Scientific™,
Renfrewshire Scotland, UK) for 24 hours. Cells were washed twice with sterile
DPBS and then were treated with SF media for 48 hours. After that, media was
collected for EV isolation. Media was processed as described in Section 2.5.1.1.
For EV isolation the gEVsingle/35nm column (gEVsingle/35nm, Cat.no: SP6, IZON,
UK) and the AFC by IZON were used. The column was flushed with 5 mL of filtered
DPBS, then 100 pL of the concentrated media was added to the column, the
column was flushed with DPBS and the Void volume and 13 fractions of 200 pL
were collected. Nanoparticle Tracking Analysis (NTA) analysis was performed to
void volume and all 13 fractions as described in 2.5.3.1. The protein content of
the void volume and 13 fractions was measured as described in 2.5.3.2.1. When
performing protein quantification for elution fractions, some replicates among
samples regarding the void volume and fractions 1-4, demonstrated negative
absorbance values lower than the blank sample while in others the absorbance
values detected were higher than the blank sample. The samples with absorbance
values lower than the blank demonstrated negative protein concentration. To
generate the EV purity ratio, particles/ug protein, the protein concentration of
samples with low absorbance values was replaced with 0.5 similar to the protein

concentration of samples with higher than the blank absorbance.

2.5.2 EV isolation from serum

EVs were isolated from 50 pL of mice serum samples using the Invitrogen Total
Exosome Isolation Kit (Thermo Scientific™, Renfrewshire Scotland, UK). Briefly,
serum samples first were subjected to centrifugation at 2,000g for 30 minutes at
room temperature to remove cells and debris. Supernatant was collected and
centrifugation was performed at 10,000g for 40 minutes at room temperature to
remove microvesicles. Next, approximately 50 pL of serum supernatant was
transferred to a new collection tube and mixed with 0.2 volumes of Total Exosome

Isolation reagent (Thermo Scientific™, Renfrewshire Scotland, UK) by vortexing
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and incubated at 4°C for 30 minutes. Samples then underwent centrifugation at
10,000g for 10 minutes at room temperature to pellet EVs. Supernatant was
discarded and the EV pellet was resuspended in 50 puL DPBS. EVs were stored at
4°C short term and -80°C long term.

2.5.3 EV characterisation

2.5.3.1 Nanoparticle Tracking Analysis (NTA)

To determine EV sample size and concentration, EVs were imaged on NanoSight
LM14 (Malvern Instruments Ltd, Worcestershire, UK) using Nanoparticle Tracking
Analysis 3.4 (NTA). Samples for NTA were diluted in DPBS (1 mL of sample). The
correct dilution was assessed based on the number of particles/frame which
should be between 20-60 particles (Gardiner et al., 2013). NanoSight was cleaned
with dH,0 before loading each sample. The capture settings used were: Screen
gain: 1, Camera level: variable. Samples was injected into the LM14 Viewing Unit
using a syringe. Particles are illuminated using a laser beam and the camera
images light scatter by each particle and makes each particle visible. NTA follows
the movement of each particle under Brownian motion and calculates the average
distance it moves per frame and converts the distance each particle moved in the
liquid into particle size. Five videos of 1 minute each were recorded and analysed

to obtain particle size and concentration for each sample.

2.5.3.2 Western blot analysis

2.5.3.2.1 Quantification of Protein Concentration

Total protein concentration of EV samples used in western immunoblotting was
measured using the Micro BCA™ Protein Assay Kit (Thermo Scientific™,
Renfrewshire Scotland, UK). Proteins in alkaline solution will cause reduction of
Cu?* to Cu', bicinchoninic acid (BCA) in the solution is responsible for the sensitive
and selective colorimetric detection of the Cu'*. The protein assay was performed
according to the manufacturer’s protocol (Thermo Scientific™, Renfrewshire
Scotland, UK). Briefly, a dilution series with range of 0 pg/mL to 200 pyg/mL of
bovine serum albumin (BSA) (Thermo Scientific™, Renfrewshire Scotland, UK) was
prepared by dilution in 0.2M NaOH. Next, 5 pL of non-lysed sample was transferred
to an eppendorf with 95 pL of 0.2M NaOH. Sample was sonicated 3x 10 seconds
(Pulse: 30 seconds, 10 seconds, Amplitude 50%). Next, 100uL of the standard
solutions or sample (diluted with NaOH) were pipetted into a 96 well-plate and

100 pL of working reagent was added to each standard and sample.
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The plate was incubated for 2 hours at 37°C. The absorbance of standards and
samples was measured at 562 nm using a PerkinElmer 2030 plate reader. Total
protein concentration of cell samples was determined by interpolation of x-values

from the standard curve.

2.5.3.2.2 Western Blot with Licor system

For protein detection in EV samples, EVs were lysed using RIPA Buffer (Table 2-1)
with 1:4 (RIPA/EV ratio e.g., 20 yL RIPA Lysis Buffer were added to 80 pL of EV
sample for proper lysing). After the correct amount of RIPA Lysing Buffer was
added to EV sample, sample was vortexed and incubated on ice for 30 minutes.
Samples were sonicated 3x 10 seconds (Pulse:30 seconds, 10 seconds, Amplitude
50%).

After protein quantification 5-10 pg of protein were prepared for gel
electrophoresis. Samples were diluted if need with DPBS up to 37 pL, 9 pL of
NuPAGE™ LDS Sample Buffer (4X) (Thermo Scientific™, Renfrewshire Scotland, UK)
was added and denaturation was performed by heating the samples on a thermal
cycler to 95°C for 5 minutes. As a positive control, 10 pg of protein lysate from
HCASMC was used. Denaturation of the positive control was performed as

described previously.

Protein lysates were loaded onto NUPAGE Bis-Tris protein gels, 10% polyacrylamide
concentration (NuPAGE™ 10%, Bis-Tris, 1.0 mm, Mini Protein Gel, Thermo
Scientific™, Renfrewshire Scotland, UK) along with 2.5 pL of protein ladder as a
reference for protein detection (Chameleon® Duo Pre-stained Protein Ladder,
Fisher Scientific, Loughborough, UK). Protein separation was resolved at a running
system of 1x MES SDS Running Buffer (NUPAGE™ MES SDS Running Buffer (20X),
Thermo Scientific™, Renfrewshire Scotland, UK) at 120 V until the dye migrated
to the end of the gel.

Semi-dry protein transfer was performed using Power Blotter System (Power
Blotter System, Invitrogen™, Renfrewshire Scotland, UK). Nitrocellulose
membrane and the gel were incubated in Power Blotter Transfer Buffer for 5 min
prior to transfer and transfer was performed at 25 V and 2.5 A for 8.5 minutes
(Power Blotter 1-Step™ Transfer Buffer (5X), Invitrogen™, Renfrewshire Scotland,
UK) (Power Blotter Pre-cut Membranes and Filters, nitrocellulose, mini,
Invitrogen™, Renfrewshire Scotland, UK). Upon transfer completion, the

membrane was blocked for 1 hour at room temperature under constant shaking
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using blocking buffer (Intercept Blocking Buffer (Intercept® (PBS) Protein-Free
Blocking Buffer, LI-COR Biosciences, Cambridge, UK).

After blocking, the membrane was incubated at 4°C overnight under constant
shaking with primary antibody which was diluted to the correct concentration in
blocking buffer as described previously. The membrane was washed 3 times with
1XTBST for 5 minutes. Membrane was incubated with secondary antibody at the
correct dilution in blocking buffer for 1 hour at room temperature under shaking
in the dark. Membrane was washed 3 times with 1xXTBST for 5 minutes and scanned
using the Odyssey® CLx imaging system (LI-COR Biosciences, Cambridge, UK).
Images were exported and analysed using Image Studio Light (LI-COR Biosciences,
Cambridge, UK).

Antibody Dilution Host Blocking Solution
Annexin-2 (ab189473) 1:5000 Rabbit Intercept Blocking Buffer
Annexin 11 (D-12) (sc-46686) 1:200 Mouse Intercept Blocking Buffer
CD81 (B-11) (sc-166029) 1:500 Mouse Intercept Blocking Buffer
CD63 [TS63] (ab59479) 1:2000 Mouse Intercept Blocking Buffer
TSG101 [EPR7130(B)] 1:5000 Rabbit Intercept Blocking Buffer
(ab125011)

Anti-Mouse 1gG (H+L) Highly 1:15000 Goat Intercept Blocking Buffer
Cross-Adsorbed Secondary

Antibody, Alexa Fluor 790

(A11357)

Anti-Rabbit 1gG (H+L) Cross- 1:15000 Goat Intercept Blocking Buffer

Adsorbed Secondary Antibody,
Alexa Fluor 790 (A11367)

2.5.3.3 Transmission electron microscopy (TEM)

EVs were resuspended in 4% PFA (1:1) and were processed as described (Théry et
al., 2006). Samples were processed and imaged by Mrs. Margaret Mullin based on
the School of Life Sciences, University of Glasgow, UK. Briefly, 5 yL of fixed EVs
were placed onto glow discharged (Quorum Q150T ES) carbon coated filmed 400
mesh copper grids and left to attach for 20 minutes. Grids were placed so the
sample faced side down on to 6 droplets of PBS for 2 minutes followed by 1%
glutaraldehyde/PBS fixative for 5 minutes. Samples were then transferred through

8x dH,0 washes for 2 minutes each. EV samples were contrast stained with uranyl-
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oxalate solution, pH 7 for 10 minutes followed by 2% methyl-cellulose-UA
incubation for 10 minutes on ice. Grids were picked up on platinum loops, excess
stain gently removed with filter paper and left to dry. Then, grids were carefully
detached from the loops with forceps before digital imaging samples on a JEOL
1200 EX TEM (JEOL, Japan) running at 80kV. Images (tif) were captured at x6,000
and x10,000 magnifications on a CANTEGA 2K x 2K camera using Olympus ITEM

software.

2.5.4 PKH67 labelling of EVs

EVs were labelled using the PKH67 Green Fluorescent Cell Linker Mini Kit for
General Cell Membrane Labeling (Sigma Aldrich, Irvine, UK) as described by Takov
et al., (Takov et al., 2017). PKH67 is a green, fluorescent lipophilic dye that can
be incorporated into lipid membranes. Briefly, 100 pL of Control-EVs and oxLDL-
EVs were stained with 4uM PKH67 in Diluent C in final volume of 500 pL for 10 min
at RT: 400 pL of 4uM PKH67 to the 100 pL EV prep. A negative control, containing
particle free DPBS in which EVs were eluted, was stained following the same
process. Samples were transferred to Amicon Ultra-0.5 Centrifugal Filter Unit
(Merck, Glasgow, UK) and were subjected to centrifugation at 14,000g for 5
minutes. The flow through was discarded and the filter unit was topped up with
DPBS. In total, another two centrifugation steps were performed to ensure the
removal of unbound dye. After the third centrifugation, the labelled EVs were
collected and NTA analysis was performed to determine the sample concentration
after PKH67 labelling. Labelled EVs were stored in the dark at 4°C short term and
-80°C long term.

For imaging labelled EV uptake by HCAEC the same process as described in Section
2.3.1 was followed. Cells were imaged with Leica DMi8 Inverted Microscope (Leica
Microsystems, Wetzlar, Germany) and images were acquired using the LAS X
software (Leica Microsystems, Wetzlar, Germany) at 40x magnification.
Quantitative analysis of PKH67 fluorescence was analysed using ImageJ software
as described in 2.3.1. The final % fluorescence was calculated by dividing the %
fluorescence of PKH67 with % fluorescence of DAPI and that ratio was multiplied
by 100.

% fluorescence PKH67
% fluorescene DAPI

% fluorescence in DAPI = ( ) * 100

94



2.5.5 miRNA loading in EVs
The EV-miRNA loading protocol was provide by Dr Lorraine Work’s group

(University of Glasgow) and miRNA loading concentration was optimised by
Antoniya Pashova (University of Glasgow) based on the study of Pomatto et al.,
(Pomatto et al., 2019). The synthetic mimic hsa-miR-125b-5p was which was used
is the following: mirVana® miRNA mimic (hsa-miR-125b-5p, Assay ID MC10148)
(Thermo Scientific™, Renfrewshire Scotland, UK). The synthetic mimic cel-miR-
39-3p which was used to optimise electroporation is the following: mirVana®
miRNA  mimic (cel-miR-39-3p, Assay ID MC10956) (Thermo Scientific™,
Renfrewshire Scotland, UK). The EV sample concentration was estimated by NTA
analysis. The sample was divided into two separate eppendorfs. One sample
consisted of the Naive-EVs, meaning EVs which were electroporated without the
addition of mimic. The other sample consisted of the miR-125b-5p-EVs/cel-miR-
39-3p-EVs meanings EVs which were electroporated with the addition of synthetic
mimic. For 1x10° particles, 66 picomole of mimic were added in order to result in
40 picomole of mimic electroporated into the appropriate number of particles
needed to treat one well of cells. The required amount of mimic was diluted in 50
mM Trehalose (Sigma Aldrich, Irvine, UK) to make up an equal volume as to the
EV prep. For naive-EVs the equal volume of trehalose was added to the EV prep.
MiR-125b-5p-EVs/cel-miR-39-3p-EVs were mixed with mimic + trehalose and
Naive-EVs were mixed with trehalose and incubated on ice for 45 minutes.

Trehalose was used to prevent EV aggregation (Johnsen et al., 2016).

Next, 125 pL of EV/mimic or EV/trehalose mixture was added to a Geneflow
Electroporation Cuvette (Sterile, Tmm electrode, Red Cap; Geneflow) (Geneflow,
Staffordshire, UK). The sample was pulsed at 400 mV using a Bio-Rad MicroPulser™
Electroporator. Immediately after the pulse, 875 pL of ice cold 1% (w/v) BSA
(Sigma-Aldrich, Irvine, UK) was added to the cuvette and mixed by pipetting. The
sample was then transferred to a falcon tube and incubated at 4°C overnight
before re-purification of EVs. The next day, the sample was concentrated by
centrifugation at 2,000g at 4°C using the Amicon® Ultra-4 Centrifugal Filter Unit
(Sigma Aldrich, Irvine, UK). EV isolation was performed using qEV single columns

as described in Section 2.5.1.1.
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2.6 Next Generation Sequencing

2.6.1 EV small RNA component sequencing

EVs were generated and isolated as described in Section 2.4.2. RNA was extracted
as described in 2.3.1. RNA samples were sent to Glasgow Polyomics for
sequencing. Sequencing of the samples was performed by Julie Galbraith (Glasgow
Polyomics). Samples were subjected to quality control before the cDNA libraries
were constructed. Quality control was performed by Julie Galbraith (Glasgow
Polyomics). Briefly, microRNA Sequencing libraries were prepared from total RNA
using the Qiagen QiaSeq miRNA Library Kit (Qiagen, Manchester, UK). Libraries

were sequenced in 75 base, single end mode on the Illumina NextSeq 500 platform.

2.6.2 RNAseq data analysis by Deseq2

Initial bioinformatic data analysis was performed by Graham Hamilton (Glasgow
Polyomics). Raw sequence reads were trimmed to remove the Qiagen microRNA
adapters and poor quality bases using the program Cutadapt (Martin, 2011). Bases
with an average Phred score lower than 15 were trimmed for, the 3’ end of the
sequence reads. Only reads with the adapters present were retained for analysis,
those without the adapters were discarded. Post-filtration read properties were
assessed with Fastqc program
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) before and after
trimming. The quality trimmed reads were aligned to the reference genome
(GRCH38) using the program Bowtie version 1.0.0 (Langmead et al., 2009). The
number of reads aligning to known small non coding RNAs, defined by the biotypes
miRNA; small nuclear RNAs (snRNA), small nucleolar RNAs (snoRNA), small Cajal
body-specific RNAs (scaRNAs) or small RNA (sRNA) in gtf file for human (GRCH38),
was obtained using bedtools (Quinlan and Hall, 2010). The resulting raw read
counts per miRNA species tables were used to create a combined counts per
sample counts table for input into DESeq2 for differential expression analysis (Love
et al., 2014).

2.6.3 Validation of RNAseq results

RNA was extracted as described in 2.4.1. RT-PCR to investigate miRNA expression

was performed as described in 2.4.3 and 2.4.4.
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2.6.3.1 miRNA probe identification

The name of mMiRNA genes including the stem-loop pre-miRNA was given.
Integrative Genomics Viewer (IGV) software was used to identify the seeding
sequence for each miRNA. Sample BAM alignments and corresponding BAM index
files were loaded to the program. The ENSG row number for a gene was inserted
to search the BAM file for a specific ENSG ID. As a reference genome, the hg38
genome was used. The sequence that matches the RNA seq read was extracted
and was compared with the sequence of the stem-loop pre-miRNA, -5p and -3p
strand sequence to identify at what position of the miRNA gene the hit of the

RNAseq was positive.

2.6.4 miRNA target prediction from differentially expressed
miRNA
After the small RNAs identified by RNAseq were validated in EVs, potential miRNA-

gene interactions were generated in silico using computational methods. For this
purpose, 12 different miRNA prediction methods and software were used: miRWalk
3.0, MicroT4, miRanda, miRbridge, miRMap, miRNAMap, Pictar2, PITA, RNA22,
RNAhybrid, MiRDB and Targetscan. miRNA-gene interactions generated by each
prediction tool was gathered and inserted into an Excel file. Only the gene targets
which were predicted by 7 or more out of 12 prediction tools were considered as
predicted gene targets. To find the gene targets overlapping among the 12
prediction tools, an online tool was used (Bioinformatics & Evolutionary
Genomics). The predicted gene targets that passed the threshold were cross
referenced with experimentally validated gene targets found on an online curated
list of validated gene targets for many miRNAs, termed Tarbase (Karagkouni et
al., 2018).

2.6.5 Gene set enrichment analysis

Once, a list with predicted and validated genes was created, the next step was to
perform enrichment analysis. Next, the predicted and validated selected gene
targets were inserted into Database for Annotation, Visualization and Integrated
Discovery (DAVID) (Huang et al., 2009)(Sherman et al., 2022). By doing that, a list
of 303 genes was sorted by DAVID into smaller clusters of genes associated with
Gene Ontology (GO) terms and by using statistical analysis (Fishers exact test),
DAVID highlighted genes which were over-represented in certain pathways or
linked with certain GO terms (Huang et al., 2007). DAVID generated a list of
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enriched pathways KEGG and Biocarta databases. KEGG and Biocarta are
collection of databases including manually curated biological pathways. A list with
GO terms regarding biological process, cellular compartment and molecular

function was also generated.

2.6.6 Pathways hypothesis

To form a pathway hypothesis, GO terms for Biological Process, Molecular Function
and Cellular Compartment were examined. For each GO term list, the gene
frequency was calculated, and each gene and respective gene frequency were
plotted in a pie chart in Excel. Gene frequency represents how many times each
gene was identified in separated GO term. For each GO term group, a list including
genes hierarchically based on the gene frequency was created. The top two or

three genes with the highest gene frequency from the three lists were selected.

2.7 Animal experimentation

2.7.1 Design of the study

For this study, two groups of animals were used: C57BL/6J wt female mice
(Charles River, Maidstone, UK) and APOE KO female mice (Charles River,
Maidstone, UK). APOE KO mice were gifted from Professor Pasquale Maffia
(University of Glasgow, UK). Animals were housed in a room with a controlled
light-dark cycle (12 hrs light-12 hrs dark) and ad libitum access to food and water.
At 12 weeks age, mice were put under western high fat diet (+HFD) or standard
chow diet (-HFD) for 12 weeks. All animal work was conducted under Home Office
licence (Project License number PE1AF6E8B) and in accordance with the Animals
Scientific Procedures Act (1986).

2.7.2 EV isolation from serum

Described in section 2.5.2.

2.7.3 EV isolation from aortic tissues

Whole aorta was dissected, and three parts of the aorta were separated: aortic
arch, thoracic aorta and abdominal aorta. The perivascular adipose tissue (PVAT)
was not separated from the aorta during dissection. Each tissue was incubated in
2 mL of MiR05-Kit (Mitochondrial Respiration Medium, Oroboros Instruments

GmbH, Innsbruck, Austria) for 24 hours at 37°C. After, the media was collected
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and EVs were isolated as described in section 2.5.1.1. EVs were stored at 4°C short

term and -80°C long term.

2.7.4 Schedule 1 procedure (termination)

Mice were terminated using the Schedule 1 method of termination in accordance
with the Animals Scientific Procedures Act (1986), where mice were exposed to
increasing concentrations of CO,. Mice one by one were placed into the CO;
chamber under gas exposure (approximately 2 minutes). When the mouse was
unconscious, increase in CO; flow was performed for 2 minutes. The CO; flow was
then turned off, the mouse was taken out of the chamber and the reflexes of the
mouse were checked to confirm the absence of signs of life. Confirmation of death

was performed by cervical dislocation.

2.7.5 Organ/Blood harvest

For blood collection, cardiac puncture was performed as described: mice were
placed in the supine position where an incision was made to expose the sternum.
The rib cage was cut open to allow exposure of the heart. A 19-gauge needle
attached to a 1 mL syringe was then inserted into the right ventricle and blood
was removed slowly to prevent the heart collapsing. Blood was transferred to 1.5
mL eppendorf and kept at room temperature to allow formation of the clot. Blood
was centrifuged at 2,000g for 10 minutes at 4°C. Serum was collected as

supernatant and stored at -80°C.

Next, a 19-gauge needle attached to a 10 mL syringe with DPBS was inserted to
the heart at the puncture site and mice were perfused with 20 mL of DPBS prior
to dissection. Aorta and hearts were dissected and cleaned. Aorta was separated
into 3 distinct anatomical parts: aortic arch, thoracic aorta and abdominal aorta.
The lower part of the heart was separated with a longitudinal cut and the rest of
the heart where the aortic arch originates was embedded in optimum cutting

temperature (OCT) compound.

2.7.6 Histology

2.7.6.1 Preparation of paraffin-embedded tissues

Tissues were fixed in 4% PFA in DPBS, pH 7.2 overnight. Tissues were washed for
5 minutes with DPBS and then placed in 70% ethanol. Tissues were dehydrated,
placed into Shandon Biopsy Cassettes (Shandon, Thermo Scientific™, Renfrewshire

Scotland, UK) and were processed using an automated tissue processor and
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embeddor (Shandon, Thermo Scientific™, Renfrewshire Scotland, UK) as
described: 70% alcohol for 30 minutes, 95% alcohol for 30 minutes, 2x 100% alcohol
for 30 minutes, 2x 100% alcohol for 45 minutes, 100% alcohol for 60 minutes, 100%
alcohol/xylene for 30 minutes, 2x xylene for 30 minutes, 3x xylene for 30 minutes,

2x paraffin was for 30 minutes and 2x paraffin wax for 45 minutes.

2.7.6.2 Tissue sectioning

Paraffin embedded tissue blocks were cooled to 4°C and cut into 5 pm thick
sections using a bench top Leica microtome (Leica, Milton Keynes, UK). Tissue
sections were transferred to a Leica water bath (Leica, Milton Keynes, UK) at 40°C
prior to mounting on silane treated glass slides (Dixon, Kent, UK). Slides were left

on the bench to dry and were baked overnight at 60°C.

2.7.6.3 Haematoxylin/Eosin (H/E) staining

Paraffin sections (5 pm) were stained with haematoxylin-eosin. Sections were
deparaffinized, and then rehydrated through an ethanol gradient. Slides were
incubated for 2 min in Harris’ modified Haematoxylin (CellPath, Newtown, UK)
and 2 min in Eosin Y solution (CellPath, Newtown, UK). Slides were mounted with
DPX mounting medium (CellPath, Newtown, UK). Images were acquired using
EVOS® FL Auto Imaging System (Thermo Scientific™, Renfrewshire Scotland, UK)

at 20x and 40x magnification.

The protocol followed is described below:

Histoclear 7 minutes
Histoclear 7 minutes
100% ethanol 7 minutes
95% ethanol 7 minutes
70% ethanol 7 minutes
dH20 7 minutes

Harris modified Haematoxylin 2 minutes

Running tap H;0 5 minutes
70% ethanol 30 seconds
Eosin Y solution 2 minutes
95% ethanol 30 seconds
95% ethanol 30 seconds
100% ethanol 1 minute
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100% ethanol 7 minutes

100% ethanol 5 minutes
Histoclear 5 minutes
Histoclear 5 minutes

2.8 Statistical analysis

GraphPad prism 7 software was used to generate graphs presented in this thesis
and to perform data statistical analysis. Data were plotted as mean + standard
error of the mean (SEM). When comparing EVs, cell’s miRNA levels etc from control
or oxLDL treated conditions, a two-tailed paired Student’s t-test was used. For
each experiment, cells which were isolated from the same patient were cultured
and expanded until the correct number of T75 cm? flasks was acquired. Then, half
of the flasks were stimulated with SF media (control cells) and the rest of the
flask were stimulated with oxLDL (oxLDL cells). Since the cells originated from the
same patient and 3xT75 cm? flasks were combined for each condition (all T75 cm?
flasks used for each experiment were cultured in parallel), it was determined that
a paired t-test should be used as advised by statistician Dr John McClure (School
of Cardiovascular and Metabolic Heath, University of Glasgow). When comparing
more than 2 groups, Repeated measures (RM) One-way ANOVA and Tukey’s post
hoc test was used. Since the comparisons for two groups were performed using a
two-tailed paired Student’s t-test, comparisons for more than two groups were
performed using RM one-way-ANOVA. For example, experimental values obtained
from one donor may be elevated in all measurements and other donor may
demonstrate lower values at all measurements. RM One-way ANOVA like a paired
Student’s t-test will focus on how much different these values on the Y axis are
so it can account for variability between groups. Statistical analysis of TagMan
data was performed on dCt values. Comparisons between groups regarding the
animal studies were made using an unpaired Student’s t-test or a 2 x 2 mouse
phenotype by diet analysis or Two-way ANOVA and Tukey’s post hoc correction. A

p-value of p<0.05 was considered statistically significant in all experiments.
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Chapter 3 Isolation and characterization of EVs
from SMC-EVs +/- oxLDL treatment



3.1 Introduction

EVs are present in many biological fluids including serum, plasma, saliva, urine,
amniotic fluid, breast milk, cerebrospinal fluid, nasal secretions, cell culture
media after incubation with cells as well as cells in tissues (Crossland et al.,
2016a)(Lobb et al., 2015)(Gai et al., 2018)(Liang et al., 2017)(Asea et al.,
2008)(Lasser et al., 2011a)(Street et al., 2012)(Lasser et al., 2011b)(Hurwitz et
al., 2019)(Charla et al., 2020). Various methods for EV isolation have been
developed for EV research and many comparative studies among isolation methods
discuss their efficacy and EV yield purity (Tauro et al., 2012)(Takov et al., 2019).
A major limitation in many isolation methods regarding blood samples is the co-
isolation of lipoproteins like LDL particles. For this study, size exclusion
chromatography (SEC) was chosen. Ultracentrifugation (UC) is one of the most
popular techniques used for EV isolation, however SEC is gaining more attention
as a finer EV isolation method for better preserving EV structure and particle
functionality (Takov et al., 2019)(Mongui6-Tortajada et al., 2019). Several studies
demonstrated the use of SEC for successful EV isolation from various sources
(Nordin et al., 2015)(Benedikter et al., 2017)(Roura et al., 2018). The argument
for using SEC instead of UC is the better separation of protein aggregates from
EVs, as proteins have smaller sizes than EVs they will be trapped in the resin pores
and thus elute later than EVs (Boing et al., 2014)(Roura et al., 2018)(Monguio-
Tortajada et al., 2019).

Evidence suggests that oxLDL promotes SMC migration and proliferation in
atherosclerotic plaques and SMCs also express scavenger receptors that facilitate
SMC transformation into foam cells when exposed to lipoproteins (Gleissner et al.,
2007)(Allahverdian et al., 2014). Other forms of LDL like acetylated LDL can
induce SMC transformation into foam cells (Shen et al., 2001). SMCs co-cultured
with ECs exposed to minimally modified LDL upregulated MCP-1 expression and
increased monocyte transmigration into the subendothelial space of co-cultures
(Cushing et al., 1990)(Navab et al., 1991). OxLDL is a potent atherogenic stimuli
and according to literature, high oxLDL concentrations (>60 pg/mL) could be toxic
for vascular SMCs (Kataoka et al., 2001). Hsieh et al, showed that 3 hour oxLDL
treatment induced dose-dependent (100-400 ug/mL) apoptosis in recipient SMCs
via the production of reactive oxygen species (Hsieh et al., 2001). The authors
highlighted that naive LDL did not affect the viability of SMCs compared to oxLDL
(Hsieh et al., 2001). Another study showed that 10 pg/mL enzymatically modified
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LDL significantly promoted HCASMC foam cell formation when compared to 200
pg/mL of oxLDL or 200 pg/mL native LDL (Chellan et al., 2018). Claims that oxLDL
is a potent stimulator of HCASMC, it is of interest to determine a working

concentration that would not be toxic for SMCs.

Studies suggest that immune, vascular or platelet derived-EVs drive atherogenesis
by aggravating inflammation or thrombosis at the atheroma site (Afonyushkin and
Binder, 2018)(Charla et al., 2020). Nguyen et al., showed that oxLDL treatment
(50 pg/mL) altered the prolife of macrophage secreted EVs and reduced recipient
macrophage migration to the vessel wall (Nguyen et al., 2018). Endothelial,
immune and platelet derived EVs have been studied extensively for their
participation in atherogenesis. However, few studies have characterised SMC-
derived EVs after oxLDL treatment and their contribution to disease development
leading to the hypothesis of this chapter, that oxLDL could alter SMC-secreted EVs
in terms of size or concentration (Zheng et al., 2017). OxLDL stimulation was
chosen as LDL retention to the vessel wall and its subsequent oxidation to oxLDL
is considered the first step of the disease (Di Pietro et al., 2016)(Mach et al.,
2020).
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3.1.1 Aims

Optimise SEC for isolation of EVs from conditioned media of cultured cells.

(@]

o Determine an oxLDL dose for HCASMC treatment that does not induce

toxicity.

o Characterise EVs derived from HCASMCs after oxLDL treatment and

determine the effect of oxLDL stimulation on EV release from HCASMCs.

o Study SMC-EV uptake by HCAECs.

o Examine the role of Control and oxLDL-EVs on recipient HCASMC and HCAEC
cell viability.
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3.2 Results

3.2.1 Optimisation of EV elution profile by Size Exclusion

Chromatography (SEC)
Size exclusion chromatography was developed for EV isolation from plasma
samples and therefore the first step was the optimisation of the method for EV
isolation from conditioned media of cultured cells. EV elution profile when
isolating EVs by SEC was assessed in this section. EV generation from HCASMCs and
CCM clearance was performed as described in 2.5.1 and seen in Figure 3-1. The
gEVsingle column 35nm (IZON, UK) was chosen for EV isolation from CCM as the
optimum recovery range of particles, is particles with sizes <110 nm. The elution
fractions 1 to 3 were suggested by the manufacturer; however, the EV elution
profile was only stated for EV isolation from plasma samples. Therefore, for
accurate isolation, it was essential that first the elution profile from CCM from
HCASMC was determined. Briefly, the Void volume, which is the volume of liquid
phase held inside the gEV single column, was collected along with 13 fractions of
200 pL each. NTA analysis of particle size showed that all fractions isolated had a
particle mean size of 120-150 nm (Figure 3-2 A). NTA analysis of mode size showed
that the majority of particles within each sample had size of 80-110 nm (Figure
3-2 B). Mean particle size represents the average of all particle’s sizes being
recorded during NTA analysis, while mode size represents the majority of particle
sizes within the sample during NTA analysis. Mode size is mentioned for qualitative
purposes and mean particle size was considered for EV size quantification for all
experiments. NTA analysis of particle concentration showed increased particle
concentration up to fraction 4, with the highest particle containing fraction being
fraction 1 (3.2x10"+8.6x10'° particles/mL), and after fraction 5, a continuous

reduction in particle concentration was observed (Figure 3-2 C).
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cell starvation oxLDL treatment

(24h) (24h)
. . . : Control oxLDL
HCASMC were quiesced HCASMC stimulated + 10 Cells washed with PBS to ensure removal of residual ccM ccM Control oxLDL
for 24 hours pg/mL oxLDL 24 hours oxLDL ccm ccm
Media replaced with fresh media — —
Control oxLDL Collection of CCM after 48 hours = | '*‘;J Concentrate
= . supernatant up to
. | s=J - ] o | Control  oxLDL g — \/ \/ 200 pL
. - = | . | == | = | 300g to SEC
] ] remove
dead cells

Figure 3-1 Workflow of EV generation and isolation process by SEC

(LT

Quiescent HCASMCs (24 hours) were treated + 10 pg/mL of oxLDL for 24 hours.
Cells were washed with DPBS to remove free oxLDL and media was replaced

with fresh. After 48 hours, CCM was collected. CCM was subjected to 10,000 to Concentrate
centrifugation at 300g to remove dead cells and debris. Supernatant mi:ﬁ,’;‘::;,es isolated EVs
underwent centrifugation at 10,000g at 4°C for 40 minutes to remove MVs.

Concentration of the supernatant was performed to a final volume of 200 pL
and EVs were isolated using gqEV single column. The void volume and 3
fractions were collected. Parts of the figure were created by using pictures
from BioRender.com.

NTA analysis
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Figure 3-2 Characterisation of elution fraction by SEC

Collected elution fractions by SEC were analysed using a NanoSight LM14. (A) NTA
analysis of mean particle size of SEC fractions (n=3 technical replicates, 1
patient). (B) NTA analysis of mode size of SEC fractions (n=3 technical replicates,
1 patient). (C) NTA analysis of particle concentration of SEC fractions (n=3
technical replicates, 1 patient). V.vol stands for void volume and F stands for
fraction. Data are expressed as the mean +SEM.
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Next, the protein concentration of all fractions and void volume was quantified
using the Micro BCA™ Protein Assay Kit. Most replicates of Void volume and
fractions 1-4 when analysed with the Micro BCA™ Protein Assay Kit, had a negative
absorbance value. The reason for this observation was not clear. Due to lack of
additional material, the Micro BCA could not be repeated. For that purpose, the
negative absorbance values were arbitrarily replaced with a value of 0.5 OD to
facilitate comparison. As seen in Figure 3-3 A, fraction 10 has high protein
concentration (1681.0+88.54 ug/mL) while fraction 11 was the fraction with the
highest protein concentration (1975.0+272.2 pg/mL). Fractions 12 and 13 had
lower protein concentration (Fraction 12 922.1+ 366.5 pg/mL, Fraction 13
295.6+120.6 pg/mL). The ratio of nhumber of particles to pg of protein in each
fraction was determined (Figure 3-3 B). Literature suggests that a pure EV sample
has a ratio of >3x10'" particles/pg protein, while samples with a ratio <1.5x10°
particles/pg protein is indicative of an impure sample (Webber and Clayton,
2013). Based on these values, void volume and fraction 1-4 contained the purest
EV samples (Figure 3-3 B). The manufacturer’s guidance for the purification of
plasma-derived EVs suggests to collect only fractions 1-3, so the proposed EV-
fractions were void volume, fraction 1, fraction 2 and fraction 3. Fraction 4 was
not collected as it was not recommended by the qEV single column manufacturer.
For all future experiments, only these proposed EV-containing fractions (void
volume, fraction 1-3) were collected. These data from cell culture media derived
EVs together, correlate with column manufacturer’s data for plasma-derived EVs
indicating that purest EV containing fractions are void volume, fraction 1-3 and
that proteins are eluted in later fractions and not in EV containing fractions. Hence
the SEC method was appropriate to be used to isolate EVs from conditioned cell
culture media. This can be clearly seen in Figure 3-4 where both data sets were
superimposed to show that the EV concentration peak is observed at fraction 1
and protein elution peak is seen at fraction 11. However, the manufacturer’s
protocol proposed that only the first 3 fractions should be collected and observed
the protein peak in fraction 9 whereas in these studies it was observed that the

peak of protein concentration was in fraction 11.
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Figure 3-3 Characterisation of protein elution by SEC

Protein concentration of collected elution fractions by SEC was measured analysed
using the Micro BCA™ Protein Assay Kit. (A) Protein elution profile of void volume
and 13 collected fractions. (B) EV purity ratio of number of particles per pg protein
for all isolated fractions (n=3). V.vol stands for void volume and F stands for
fraction. Data are expressed as the mean +SEM.
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Figure 3-4 Comparison of total protein levels and EV concentration of elution
fractions

The graph represents superimposed data from Figure 3-2 C andFigure 3-3 B. Red
line dots represent that NTA analysis of particle concentration of void volume (0)
and all fraction 1-13 isolated by SEC (n=3 technical replicates, 1 patient). The blue
line dots represents the protein concentration of void volume (0) and fractions 1-
13 isolated by SEC (n=3 technical replicates, 1 patient). Comparison of these data
indicates that EVs are eluted first with EV concentration peak at fraction 1 and
protein elution follows EV elution with protein concentration peak at fraction 11.
Data are expressed as the mean +SEM.
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3.2.2 Optimisation of oxLDL stimulation of recipient HCASMCs
HCASMCs were treated with or without fluorescently labelled oxLDL for 5 hours
and a range of oxLDL concentrations were used. After 5 hours, cells were fixed
with PFA and images were acquired as described in 2.3.1. Quantification of oxLDL
uptake reveals that oxLDL was taken up in a dose-dependent way by HCASMCs.
The lower concentration of oxLDL (5 pg/mL) showed negligible uptake compared
to control cells (% uptake of oxLDL 8.8+1.6) (Figure 3-5 A). Treatment with 10
pg/mL of oxLDL showed increased uptake by HCAMSCs compared to control cells
(% uptake of oxLDL 38.0+7.3) (Figure 3-5 A). The other oxLDL concentrations
showed increased uptake, with the peak at 150 pg/mL of oxLDL (% uptake of oxLDL
189.3+19.9), compared to control cells (Figure 3-5 A). As seen in Figure 3-5 B,
oxLDL uptake by HCASMCs is visible when HCASMCs were treated with 10 pg/mL
of oxLDL for 5 hours. It was assumed that at 24-hour oxLDL (10 pg/mL) treatment
would be sufficient for oxLDL to be taken up by the cells and mediate a role in
cellular signaling. A lower dose for oxLDL treatment was preferred as higher
concentrations could alter the SMC phenotype and not only cause changes in
cellular signaling but also lead to toxicity (Guyton et al., 1995)(Chellan et al.,
2018).

Next, HCASMCs were treated with 10 pg/mL, 40 pg/mL and 60 pg/mL of oxLDL to
determine the cell viability after oxLDL treatment for 24 hours. HCASMCs were
serum starved for 48 hours and then treated with 10 pg/mL, 40 pg/mL and 60
pg/mL of oxLDL for 24 hours (Figure 3-5 C). Treatment with 10 pg/mL of oxLDL
did not affect the viability of recipient HCASMCs (% viable cells 100.3+3.5),
whereas 40 pg/mL of oxLDL showed lower cell viability compared to control cells
(% viable cells 77.7+6.6) (Figure 3-5 C). The 60 pg/mL of oxLDL concentration had
little effect on recipient cell viability (% viable cells 92.8+6.5), however, since 40
pg/mL of oxLDL reduced cell viability, it was decided that this concentration could
not be used. These preliminary data suggest that 10 pg/mL of oxLDL is a sufficient
concentration that is taken up by HCASMCs but does not affect the cell viability
of recipient HCASMCs. Since no change was observed in cell viability, it was

decided not to examine other SMC phenotypic markers.
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Figure 3-5 Concentration-dependant oxLDL uptake by HCASMCs

(A) HCASMCs were treated with or without a range of fluorescently labelled oxLDL
concentrations for 5 hours (n=3 technical replicates, 1 patient). (B) Representative
images of the 10 pg/mL concentration of oxLDL treatment at 40x magnification
(n=3 technical replicates, 1 patient). (C) MTT cell viability assay on HCASMCs after
12-hour treatment of 10 pyg/mL, 40 pg/mL and 60 pg/mL oxLDL (n=3 technical
replicates, 2 patients). Data are expressed as the mean +SEM. Scale bar: 100 pm.

113



3.2.3 oxLDL treatment does not alter the EV profile isolated with
SEC

Human coronary artery SMCs were either untreated (Control cells) or treated with
10 pg/mL oxLDL in SF media for 24 hours. EVs isolated from control cells were
named Control-EVs and EVs isolated from cells after oxLDL treatment were
referred as oxLDL-EVs. Media was replaced and 48 hours later, EVs were isolated
from CCM. EV isolation was performed via SEC and EV populations were
characterised in terms of size and concentration using NTA. TEM was used to
observe the cup shaped structure of EVs. Micro BCA™ Protein Assay was used for
protein quantification and EV markers were detected in EV populations by western

immunoblotting.

EVs were visualised and quantified using a Nanosight LM14 (Figure 3-6). An
example Nanosight trace for Control-EVs showed the majority of quantified EVs
had sizes ranged from 30 to 120 nm (Figure 3-6 A). An example Nanosight trace
for oxLDL-EVs showed that the majority of quantified EVs had a size range of 30-
150 nm (Figure 3-6 A). The size distribution of Control and oxLDL-EVs was found
to be different, possibly indicating different EV populations among the samples
and EV populations with different biological functions (Kowal et al., 2016).
However, further studies are required so that further conclusions can be drawn.
NTA analysis of mean particle size revealed that oxLDL treatment did not affect
the size of released EVs, as Control-EVs were found to have a size of 116.9+5.8 nm
and oxLDL-EVs was found to have size of 130.9+5.3 nm with no statistical
significance detected (n=4) (Figure 3-6 B). NTA analysis of mode size showed that
the majority of Control-EVs had smaller size (89.5+10.2) compared to oxLDL-EVs
(114.6+£10.1), but this did not reach significance (Figure 3-6 C). NTA analysis
revealed no difference in concentration of released EVs after oxLDL treatment, as
the concentration of Control-EVs was found to be 1.0x10'2+3.5x10"" particles/mL
and the concentration of oxLDL-EVs was found to be 8.9x10''+2.1x10"
particles/mL (Figure 3-6 D). The number of particles released per cell was
calculated to further estimate release of EVs after oxLDL treatment and to ensure
that the concentration profile observed was not because of cell death (Figure 3-6
E). The total number of cells in 3xT75 cm? flasks was measured, total particle
number after isolation was measured and particle number was divided by total

cell number (Figure 3-6 E). No statistical difference was found in EV release after

114



oxLDL treatment (Control cells: 27,547+16,404 particles/cell vs oxLDL
cells:16,847+4,882 particles/cell).
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Figure 3-6 NTA Characterization of EV populations derived from HCASMC after
oxLDL treatment

(A) Representative trace for Control and oxLDL-EVs produced by NanoSight
showing particle size vs particle concentration. The black line corresponds to
representative trace of Control-EVs, and grey line corresponds to a representative
trace of oxLDL-EVs. (B) NTA analysis of particle size of EV samples (n=4 patients).
(C) NTA analysis of mode size of EV samples (n=4 patients). (D) NTA analysis of
particle concentration (n=4 patients). (E) Secreted particles per cell (n=3
patients). Statistical probability of differences was calculated using paired
Student’s t-test (ns= nonsignificant). Data are expressed as the mean +SEM.
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Electron microscopy of both EV populations derived from HCASMCs was performed,
and representative images are seen in Figure 3-7 A. TEM images revealed cup-
shaped vesicles indicative of EV-structure for Control and oxLDL-EVs (Figure 3-7
A). Quantification of images from TEM analysis was performed by measuring the
diameters of representative images for Control and oxLDL-EVs. Quantification
analysis showed that visualised Control-EVs had average diameter of 85.3+7.2 nm
and oxLDL-EVs had smaller average diameter of 65.5+6.1 nm (Figure 3-7 B).
However, it is worth mentioning that TEM image analysis is not a recommended
method of EV size determination by the International Society of Extracellular
Vesicles (ISEV) (Théry et al., 2018). It was performed in these studies only for
completeness of the study. For this purpose, these values were not considered in

the characterisation of EV size.
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Figure 3-7 Characterisation of EV populations derived from HCASMC after
oxLDL treatment

(A) Representative TEM images from Control and oxLDL-EVs indicating cup-shaped
vesicles from EV populations. Arrows are pointing out EV structures. The inserts
on the right side correspond to one magnified EV from each condition. Images
were captured at x6,000 magnification using the Olympus ITEM software (n=2
patients). (B) Size comparison of EV diameter from Control and oxLDL-EVs after
TEM image quantification (n=19 replicate, one replicate corresponds to one image
acquired, n=2 patients). Data are expressed as the mean +SEM. Scale bar: 500 nm.
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Micro BCA assay was used to determine protein concentration of Control-EVs and
oxLDL-EVs. No statistically significant differences were observed in protein
concentration for the two EV populations (Figure 3-8 A). Control-EVs were found
to have an average protein concentration of 318.2+20.7 pg/mL whereas oxLDL-
EVs were found to an have average protein concentration of 389.5+78.1 pg/mL
(n=4). EV marker detection was performed using western immunoblotting.
HCASMC lysate was used as a positive control since the EVs were secreted from
HCASMCs. CD81 was found to be enriched in both Control and oxLDL-EVs (Figure
3-8 B). The expected molecular weight of CD81 per manufacturer’s guidance is
22-26 kDa whereas in these studies it was detected at an apparent molecular
weight of 20 kDa. In both EV populations, detection of Annexin A2 and CDé63 was
also successful (Figure 3-8 B). The manufacturer of Annexin A2 antibody suggested
the detection of a band of approximately 36, 34 kDa. It these studies, Annexin A2
was detected at an apparent molecular weight of 35 kDa. CD63 was detected in
Control and oxLDL-EVs from HCASMCs at 30-60 kDa agreeing with its predicted

detected size per the manufacturer’s suggestion which ranges from 30-60 kDa.
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Figure 3-8 Analysis of HCASMC-derived EV protein content by BCA assay and
western immunoblotting

(A) Comparison of protein concentration of EVs after oxLDL treatment (n=4
patients). (B) Detection of EV-markers CD81, Annexin A2 and CD63 on EV
populations derived from HCASMC (n=2 patients for all EV markers, WB images
from one patient but are representative of experiments performed in two
individual patients). HCASMC cell lysate was used as a positive control. Statistical
probability of differences was calculated using paired Student’s t-test (ns=
nonsignificant). Data are expressed as the mean +SEM.
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OxLDL levels were assessed in SMC-EVs after control treatment and oxLDL
treatment by ELISA (Figure 3-9). CCM was collected from control or oxLDL treated
SMCs. During the isolation process, MVs were collected for both conditions after
the 10,000g centrifugation step. OxLDL levels in MVs were assessed to examine
whether oxLDL was co-isolated with MVs. After incubation, EVs were isolated as
seen in Figure 3-1. PK treatment is usually used to remove contaminants from EV
samples (Foers et al., 2018). EVs were incubated with or without PK to determine
whether oxLDL was carried with EVs or co-isolated by SEC or was enclosed in EVs.
For example, if oxLDL was enclosed in EVs, PK treatment would not digest oxLDL.
Absorbance levels of Control native EVs, Control -PK EVs or Control +PK EVs
indicate that oxLDL is not enclosed or carried co-purified by SEC with Control-EVs
in the presence or absence of PK treatment (Figure 3-9). Absorbance levels of
oxLDL native EVs, oxLDL -PK EVs or oxLDL +PK EVs are similar indicating that oxLDL
in not carried or co-purified by SEC or enclosed in oxLDL-EVs in the presence or
absence of PK treatment (Figure 3-9). No significant increase was observed in

absorbance values of MVs from control or oxLDL treated cells (Figure 3-9).
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Figure 3-9 Detection of oxLDL in HCASMC-derived EVs after control or oxLDL
treatment by ELISA

Control and oxLDL-EVs were treated with + (v/v) 500 pg/mL PK for 1 hour at 37
°C. Prior EV isolation, CCM was divided into 3 parts of 50 pL (native condition, -
PK, +PK). The native sample was not treated with PK and EVs were isolated as
described in 2.5.1.1. Both -PK (added DPBS prior incubation) and +PK (added PK
prior incubation) samples were incubated at 37°C for 1 hour and 60°C for 10
minutes. EVs and MVs were isolated as described previously and the oxLDL Elisa
protocol as per manufacturer’s guidance was followed to measure oxLDL levels in
Control and oxLDL-EVs (n=2 patients). Data are expressed as the mean +SEM.
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3.2.4 SMC-EV uptake by HCAEC

After characterisation of SMC-EVs, EV uptake by recipient HCAECs was examined.
Control and oxLDL-EVs were labelled with the fluorescent dye, PKH67 (green) and
HCAECs were treated. Optimisation of the treatment timepoint for EV uptake by
HCAECs was performed. HCAECs were incubated with PKH67 labelled Control and
oxLDL-EVs (2x10'0 particles per well) for 2 hours, 6 hours and 24 hours. Then cells
were fixed, nuclei counterstained with DAPI to observe EV uptake by recipient
HCAECs (Figure 3-10). Imaging analysis revealed that EVs were being taken up by
HCAECs at 2 hours but achieved high accumulation at 24 hours, based on mean
fluorescent intensity observed (Figure 3-11). Both Control-EVs and oxLDL-EVs at
the three timepoints studied were localised around the nuclei and cytoplasm. The
24-hour EV treatment was chosen to compare the Control and oxLDL-EV uptake by
recipient HCAECs.

HCAECs were treated with PKH67 labelled Control and oxLDL-EVs for 24 hours,
cells were fixed and stained with DAPI. Both Control and oxLDL-EVs were observed
to be internalised by HCAECs (Figure 3-12 A). Quantification of mean fluorescence
intensity showed that oxLDL-EV uptake was significantly lower (RQ=0.5+0.3, *
p<0.05) compared to Control-EV uptake (RQ=1.0+0.1) (Figure 3-12 B).
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Figure 3-10 Optimisation of SMC-EV uptake by HCAEC

Negative

Human coronary artery endothelial cells (HCAEC) were incubated with 4uM PKH67 fluorescently labelled SMC-EVs for 2 hours, 6 hours and
24 hours. HCAEC were stained for DAPI (blue). Representative images at 2 hours, 6 hours and 24 hours indicate that SMC-EVs are being
taken up by HCAEC. Images were taken on a confocal microscope at 40x magnification. Scale bar: 100 pm.
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Figure 3-11 Optimisation of SMC-EV uptake by HCAEC

Internalized EVs were quantified by means of fluorescence intensity. Background
signal was subtracted for every single image before obtaining the relative
fluorescence per field (n=2 technical replicates, 1 patient). Data are expressed as
the mean +SEM.
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Figure 3-12 SMC-EV uptake by HCAEC

(A) HCAECs were incubated with 4uM PKH67 fluorescently labelled SMC-EVs for 24
hours. HCAECs were stained for DAPI (blue). Representative images from n=3 at
24 hours indicate that SMC-EVs are being uptaken by HCAEC. Images were taken
on a confocal microscope at 40x magnification. (B) Internalized EVs were
quantified by means of fluorescence intensity. Background signal was subtracted
for every single image before obtaining the relative fluorescence per field.
Statistical significance was determined with paired Student’s t-test (n=3 patients,
*p<0.05). Data are expressed as the mean +SEM. Scale bar: 100 pm.
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3.2.5 Effect of Control and oxLDL-EVs isolated from SMCs on

recipient SMC and EC cell viability
The biological effect of Control-EVs and oxLDL-EVs on recipient HCASMC cell
viability was investigated. HCASMCs were seeded into a 96 well plate (4x10*
cells/mL) and quiesced for 48 hours in SF media. Cells were treated either with
10% FCS or Control-EVs or oxLDL-EVs for 24 hours in SF media or Complete media
which contained 5% FCS. Cells were treated with 3 different EV doses: 3x10°
particles per well, 8x10° particles per well, 1x10'° particles per well. After, the
cell viability of HCASMCs was measured using the CyQUANT™ MTT Cell Viability
Assay. A positive control, 10% FCS, was used to ensure the assay was working.
Significantly increased cell viability was observed after the 10% FCS treatment (%
viable cells 165.4+0.0) compared to control cells (% viable cells 100.0+0.1) (Figure
3-13 A). Lower viability, however statistically non-significant, was observed in
cells treated with 3x10° particles/well of Control-EVs (% viable cells 97.9+0.1)
compared to control cells but significant reduction in cell viability was observed
when compared with 10% FCS treated cells (**** p<0.0001). Higher viability (non-
significant) was observed in cells treated with 8x10° particles/well Control-EVs (%
viable cells 113.2+0.1) compared to control cells but significant reduction in cell
viability was observed when compared with 10% FCS treated cells (****p<0.0001).
Again, higher viability was observed in cells treated with 1.0x10" particles/well
Control-EVs (% viable cells 119.5+0.1) compared to control cells with no statistical
significance detected, but significant reduction in cell viability was observed when
compared with 10% FCS treated cells (***p<0.001). No difference in cell viability
was observed in cell treated with 3x10° particles/well oxLDL-EVs (% viable cells
101.4+0.01) compared to control cells but cell viability was significant reduced
compared to 10% FCS treated cells (****p<0.0001) (Figure 3-13 A). Higher viability
was observed in 3x10° particles/well oxLDL-EVs (% viable cells 101.4+0.01)
compared to same dose Control-EV treated cells (% viable cells 97.9+0.1). Higher
viability was observed in cells treated with 8x10° particles/well oxLDL-EVs (%
viable cells 106.0+0.01) compared to control cells with no statistical significance
detected. Cell viability of these cells was significantly reduced when compared
with 10% FCS treated cells (****p<0.0001). Cells treated with 8x10° particles/well
oxLDL-EVs (% viable cells 106.0+0.01) demonstrated lower viability compared to
same dose Control-EV treatment (% viable cells 113.2+0.1) (Figure 3-13 A). Higher

viability was observed in cell treated with 1x10'° particles/well oxLDL-EVs (%
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viable cell 114.6+0.1) compared to control cells (% viable cells 100.0+0.1), but
significant reduction in cell viability was observed when compared with 10% FCS
treated cells (****p<0.0001)(Figure 3-13 A). Lower viability, albeit non-significant,
was observed in cells treated with 1x10'° particles/well oxLDL-EVs (% viable cell
114.6x0.1) compared to same dose of Control-EVs (% viable cells 119.5+0.1).

Next, the biological effect of Control and oxLDL-EVs was examined in serum
induced cell viability, meaning the EV treatment was performed in Complete
media containing 5% FCS (Figure 3-13 B). Higher viability was observed in cells
treated with 10% FCS (% viable cells 103.6+0.1) compared to control cells (% viable
cells 100.0+0.1) but no statistical significance was detected (Figure 3-13 B). No
difference in cell viability was observed in cells treated with 3x10° particles/well
Control-EVs (% viable cells 100.5+0.1) compared to control cells (% viable cells
100.0+0.1). Increased cell viability was observed in cell treated with 8x10°
particles/well Control-EVs (% viable cells 118.6+0.1) compared to control cells but
no statistical significance was detected. Again, higher viability was observed in
cells treated with 1x10' particles/well Control-EVs (% viable cell 123.0+0.1)
compared to control cells but no statistical significance was detected (Figure 3-13
B). Cells treated with 1x10'° particles/well Control-EVs showed significantly
increased cell viability compared to control cell (*p<0.05). Cells treated with 3x10°
particles/well oxLDL-EVs demonstrated increased cell viability with no statistical
significance (% viable cells 114.4+0.1) compared to control cells and same dose
Control-EV treated cells (% viable cells 100.5+0.1). Higher cell viability was
observed in cells treated with 8x10° particles/well oxLDL-EVs (% viable cells
118.0+£0.1) compared to control cells and a similar effect on cell viability was
observed when compared with the same dose Control-EVs (% viable cells
118.6+0.1) with no statistical signifigance beign detected (Figure 3-13 B). Again,
higher viability was observed in cells treated with 1x10'° particles/well oxLDL-EVs
(% viable cells 128.4+0.1) compared to control cells and the same dose of Control-
EVs (% viable cell 123.0+0.1), however significantly increased cell viability as
observed compared to 10% FCS treated cells (#p<0.05) (Figure 3-13 B).
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Figure 3-13 Effect of Control and oxLDL-EVs on HCASMC cell viability

HCASMCs were quiesced for 24 hours and then treated with 10% FCS or Control-
EVs or oxLDL-EVs in SF or Complete media for 24 hours. Cell viability was measured
using the CyQUANT™ MTT Cell Viability Assay. (A) Cell viability of recipient
HCASMCs treated with EVs in SF media (n=3 patients, ***p<0.001 vs 10% FCS,
****p<0.0001 vs 10% FCS). (B) Cell viability of recipient HCASMCs treated with EVs
in Complete media (5% FCS) (n=3 patients, *p<0.05 Control vs 1x10' particles/well
Control-EVs, #p<0.05 10% FCS vs 1x10' particles/well oxLDL-EVs). Statistical
probability of differences was calculated using RM One-way ANOVA with post-hoc
Tukey’s test. Data are expressed as the mean of % viable cells +SEM.
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Next, the Control and oxLDL-EV effect on recipient HCAEC cell viability was
investigated. HCAECs were seeded into a 96 well plate (4x10* cells/mL). Cells
were not quiesced as pilot studies to optimise the assay revealed that when
HCAECs were quiesced in low serum media this caused significant cell death and
it was not possible to complete the assay (data are not shown). Therefore, the
experimental design had to be adjusted. For this purpose, the effect of Control
and oxLDL-EVs in cells in the presence of 5% EV-depleted serum media was
estimated. Since cells were not starved like the HCASMCs, it was decided to
perform EV treatment in EV-depleted serum to avoid any confounding effects of
EVs that might be present in the serum. Cells were treated with 3 different EV
doses: 3x10° particles per well, 8x10° particles per well, 1x10'° particles per well.
Next, the cell viability of HCASMCs was measured using the CyQUANT™ MTT Cell
Viability Assay. A positive control,10% FCS, was used to ensure the assay was

working.

Increasing cell viability, but non-significant, was observed after 10% FCS treatment
(% viable cells 122.8+0.1) compared to control cells (% viable cells 100+0.1)(Figure
3-14). Lower viability, however statistically non-significant, was observed in cells
treated with 3x10° particles/well of Control-EVs (% viable cells 95.8+0.1)
compared to control cells. Lower viability, however statistically non-significant,
was observed in cells treated with 8x10° particles/well of Control-EVs (% viable
cells 98.5+0.1) compared to control cells. Again, decreased viability, but not
significant, was observed in cells treated with 1x10'° particles/well of Control-EVs
(% viable cells 92.3+0.1) compared to control cells and a significant reduction in
cell viability was observed compared to 10% FCS treated cells (*p<0.05). Cells
treated with 3x10° particles/well oxLDL-EVs did not show difference in cell
viability (% viable cells 102.9+0.1) compared to control cells and the same dose of
Control-EV treated cells (% viable cells 95.8+0.1). Cells treated with 8x10°
particles/well oxLDL-EVs demonstrated lower cell viability (% viable cells
95.4+0.1) compared to control cells and same dose Control-EV treated cells (%
viable cells 98.5+0.1) with no statistical signifigance detected. Cells treated with
1x10'° particles/well oxLDL-EVs demonstrated lower cell viability with no
statistical signifigance being detected (% viable cells 90.3+0.1) compared to
control cells and same dose Control-EV treated cells (% viable cells 92.3+0.1).
However, a significant reduction in cell viability was observed compared to 10%
FCS treated cells (*p<0.05).
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Figure 3-14 Effect of Control and oxLDL-EVs on HCAEC cell viability

HCAECs were seeded into a 96 well (4x10* cells/mL). Cells were not quiesced.
Cells were treated for 24 hours with three EV doses. Cell viability was measured
using the CyQUANT™ MTT Cell Viability Assay. HCAEC cell viability of cells treated
with 10% FCS, Control-EVs and oxLDL-EVs in 5% EV depleted media. Statistical
probability of differences was calculated using RM One-way ANOVA with post-hoc
Tukey’s test (n=3 patients, *p<0.05 10% FCS vs 1x10'° particles/well Control-EVs,
1x10'0 particles/well oxLDL-EVs). Data are expressed as the mean of % viable cells
+SEM.
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3.3 Discussion

In this study, the use of SEC for purifying EVs from conditioned media from
cultured cells was optimised through characterisation of the EV elution profile
from CCM from HCASMCs and the purest EV containing fractions were chosen for
future experiments. EVs were isolated from CCM from HCASMC and a selection of
methods that have been proposed by the ISEV and MISEV2018 were chosen for SMC-
EV characterisation (Théry et al., 2018). An oxLDL concentration for future
HCASMC stimulation and EV release was chosen. EVs were characterised by NTA
analysis, TEM and WB analysis. It was found that oxLDL had no effect on SMC-EV
size or EV release from HCASMCs. Also, it was found that oxLDL is not co-isolated
with EVs or it was not encapsulated by EVs after treatment. Moreover, it was found
that oxLDL-EV uptake was significantly lower compared to Control-EV uptake by
HCAEC. Finally, Control and oxLDL-EVs had no effect on HCASMC cell viability or
serum induced viability and HCAEC cell viability.

SEC has been widely recognised as a superior method of EV isolation compared to
UC (Takov et al., 2019)(Monguio-Tortajada et al., 2019). However, both methods
suffer as they do not allow complete separation of EV and APOB lipoproteins as
confirmed by studies showing LDL co-isolation with EVs and thus EVs samples may
contain VLDL/IDL contaminants (Sodar et al., 2016)(Takov et al., 2019). Good
practice dictates that when isolating EVs from a different source than defined by
the qEV single column manufacturer, the need to assess the EV elution profile
from that specific biological sample is important (Takov et al., 2017)(Gaspar et
al., 2020). The qEV single columns used in this study were optimised by the
manufacturer for EV isolation from plasma. In this study, it was found that the
void volume and the first 3 fractions contained pure EVs based on EV purity ratio.
If the elution profile from CCM was not examined and downstream analysis was
based on the manufacturer’s suggestion the void volume would not have been
collected and that would have resulted in lower EV yield for the studies performed

in this thesis.

Many factors such as the EV isolation protocol can affect the EV yield and
downstream analysis (Gudbergsson et al., 2016). The lack of standardisation
among isolation methods means direct comparison of the same isolation method
is inefficient (Gudbergsson et al., 2016). A distinct example is the variability

within the UC isolation protocol where different g forces, centrifugation times,
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rotor properties or sample viscosity (increased viscosity results in reduced
sedimentation efficiency) have been applied thus generating heterogenous EV
populations (Momen-Heravi et al., 2012)(Livshits et al., 2015)(Monguidé-Tortajada
et al., 2019). In this study, NTA and EV protein content analysis showed that void
volume and the first three collected fractions are the purest EV fractions when
isolating SMC-EVs from CCM using the isolation method discussed previously by
SEC.

Protein quantification of elution fractions showed that fraction 11 had the highest
protein concentration. An increased protein concentration was observed after
fraction 8, with a peak at fraction 11 and a reduction in fractions 12 and 13. These
data correspond with the manufacturer’s data indicating protein separation from
EV containing fractions. Boing et al., showed successful vesicle separation from
soluble proteins when isolating EVs from platelet-free supernatant, derived from
platelet concentrates using single-step SEC (Boing et al., 2014). Authors also
suggested HDL separation by vesicles when using SEC as an isolation method which
was not accomplished with UC (Boing et al., 2014). Another study compared
isolation efficiency of EVs from plasma of SEC and the exoEasy kit (membrane
affinity spin column) and found that the SEC isolation method was superior as it
showed higher particle/protein ratio and reduced co-isolation of plasma proteins
(Stranska et al., 2018). Since EV marker detection due to low yield was not

performed in all fractions, definitive conclusions cannot be drawn.

Traditionally, EVs can be categorised based on their biogenesis as exosomes,
microvesicles or apoptotic bodies (Théry et al., 2018). The MISEV2018 clearly state
that since no consensus has been reached as what could be a specific EV marker
for each category, categorising EVs based on their biogenesis pathway should be
avoided (Théry et al., 2018). These terms should be used only when clear evidence
of the particle cellular compartment origin exists eg live imaging techniques
(Théry et al., 2018). In the following study, live single-cell imaging was employed
to observe MVB-plasma membrane fusion following exosome release from
mammalian cells (Verweij et al., 2018). To avoid misleading labelling of EV
populations, MISEV 2018 define as correct nhomenclature of terms of EV subtypes:
1) terms regarding physical characteristics of EVs, such as size (“small EVs” (SEVs)
and “medium/large EVs” (m/lEVs), or density, 2) terms regarding biochemical

composition of EVs (CD63+EVs, CD81+EVs), 3) terms regarding cell origin of EVs
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(SMC-EVs). As techniques for real time tracking of the origin of vesicles are
difficult to perform daily, the simplified nomenclature proposed by MISEV 2018
was adopted in these studies and vesicles isolated from HCASMCs using the
described isolation protocol were always referred to as SMC-EVs. Characterisation
of SMC-EVs in this study followed the proposed techniques for EV characterisation
by MISEV 2018 using NTA analysis, TEM and WB analysis (Théry et al., 2018).

OxLDL is a potent atherogenic stimuli and many studies showed that high oxLDL
concentration (>60 pg/mL) resulted in increased cell death in recipient SMCs
(Kataoka et al., 2001). In this study, a concentration range assay was performed
to determine the lower oxLDL concentration which would allow sufficient cell
uptake but would not cause detrimental effects to the cells e.g., phenotypic
changes or cell death and also potentially result in reduced EV yield. According to
the literature, many oxLDL uptake studies starve cells for 1 hour or not at all as
long starvation periods are not required to study oxLDL uptake by recipient cells
(Collins et al., 2009)(Luo et al., 2017). A lower oxLDL working concentration was
chosen (10 pg/mL) as uptake could be easily visualised in stimulated cells using
Dil-labelled oxLDL and MTT viability assay results suggested that this
concentration did not reduce cell viability. A higher oxLDL concentration
decreased cell viability as has been shown in these studies and by other studies
(Liu et al., 2014). Lie et al., showed that SMC treatment with 50 pg/mL of oxLDL
treatment after 24 hours significantly increased migration and proliferation of
SMCs compared to 10 pg/mL of oxLDL treatment (Liu et al., 2014). Moreover, 50
pg/mL of oxLDL treatment resulted in increased expression of osteopontin
whereas 10 pg/mL of oxLDL did not alter osteopontin’s expression levels (Liu et
al., 2014).

EV release under pathogenic stimulus has been studied extensively across many
research fields as EVs have been proposed to participate in cell-cell
communication. Nguyen et al., showed that mouse macrophages treated with 50
pg/mL of oxLDL for 24 hours released significantly larger EVs (mean size 125 nm)
compared to control EVs (mean size 111 nm) (Nguyen et al., 2018). In our study,
oxLDL treatment resulted in secretion of slightly larger EVs (130.9+5.3 nm)
compared to control-EVs (116.9+5.8 nm) but that difference was not significant.
However, analysis of TEM images from 2 patients showed significant differences
in average EV size of Control and oxLDL-EVs (Control EVs 85.3+7.2 nm, oxLDL-EVs
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65.5+6.1 nm). Quantification of TEM images indicating smaller average EV size for
both EV populations compared to average EV size being detected by NTA.
Moreover, image analysis showed that oxLDL-EVs were found to have smaller size
compared to Control-EVs. TEM image analysis is not recommended by the ISEV for
size quantification of EVs and these results were not included in the size
characterisation of SMC-EVs. One explanation for the size difference is that with
TEM, the way the EVs will be positioned on the grid to be imaged is random and
sometimes a mixture of smaller EV population may be visualised. NTA analysis
records the movement of all the particles visible in the capture frame. Another
limitation of electron microscopy for EV size quantification is that a limited
number of EVs can be found in a grid limiting the possibilities to analyse

heterogenous EV populations (Hartjes et al., 2019).

No difference in the concentration of secreted EVs after oxLDL treatment was
observed. Nguyen et al., did not report if oxLDL treatment altered the
concentration of macrophage derived EVs after oxLDL treatment. Differences in
EV profile release from HCASMCs observed in this study could be attributed to the
different oxLDL concentration used and that EV release was being characterised
from a different cell model. It was previously shown that apoptotic stimuli can
increase EV release from Jurkat cells and that they exerted a dose-dependent
apoptotic effect on recipient macrophages (Distler et al., 2005). Oxidative stress
is another pathogenic stimulus inducing EV release. For example, it has been found
that a retinal pigment epithelium cell line under oxidative stress conditions
released significantly more EVs compared to cells under no oxidative stress
conditions (Atienzar-Aroca et al., 2016). Another study showed that melanoma
cell EV release was increased under stress conditions involving cytostatic and
oxidative stress (Harmati et al., 2019). TNF-a stimulated HUVECs were found to
secrete more EVs compared to unstimulated cells (Hosseinkhani et al., 2017).
However, another study showed that different stimuli such as the atherogenic
molecule LPS altered the EV-miRNA cargo but not the EV size or monocyte EV
release (Tang et al., 2016). Bell et al, showed that AC16 human cardiomyocytes
treated with a range of LPS doses released less and smaller EVs compared to
untreated cells (Bell et al., 2019). These two studies clearly demonstrate that the
same stimulus can exert two different effects on EV release in different cell types.

Different pathological stimuli have been shown to induce or inhibit EV release,
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however, not many studies have explored the role of oxLDL treatment on HCASMC

EV release.

Understanding the EV internalisation by neighbouring cells in the vascular wall
would be beneficial in understanding cell communication in atherosclerosis. In this
study, it was shown that oxLDL-EV uptake by recipient HCAEC was lower compared
to Control-EV uptake. It is worth mentioning that SMC-EV uptake by HCASMCs was
not successful in recipient HCASMCs. The protocol was optimised as described
previously but for unknown reasons, imaging of EVs in recipient HCASMCs was
unsuccessful. Therefore, EV uptake was only observed by recipient HCAEC. Many
studies have shown that EVs from various cell sources are taken up by endothelial
cells (Durak-Kozica et al., 2018)(Khalaj et al., 2019). Although, the use of PKH67
to stain EVs for cell imaging is well established, many studies have highlighted
limitations associated with this fluorescent stain (Takov et al., 2017)(Puzar
Dominkus et al., 2018). Puzar Dominkus et al., showed that PHK26 non-EV particles
are difficult to separate from stained EVs when using a PKH26 ultracentrifugation
staining protocol. A negative control of particle free DPBS was used and stained
with PKH26-labelled and non-EV stained PKH26 particles were detected (Puzar
Dominkus et al., 2018). In the studies presented here, confocal microscopy images
for the negative control did not detect fluorescent particles in that sample. That
difference may arise from the different PKH staining methods; PKH
ultracentrifugation may cause particle aggregation where PKH filtration staining
which was used for this study may not. Another difference is the PKH
concentration used in the two studies, Puzar Dominkus et al., report that 8 pM
PKH26 in Diluent C was used to stain EV populations whereas in this study 4 pM
PKH67 in Diluent C was used. Takov et al., highlighted the limitations of lipophilic
EV staining as PKH67 staining showing that lipoprotein contaminants in EV
preparations may be mistaken as EV uptake by recipient cells (Takov et al., 2017).
The use of particle DPBS showed that unbound dye was removed during the
filtration steps, however, standard BSA alone in the preparation was not removed
by using filtration steps (100kDa filters, BSA MW 66 kDa) (Takov et al., 2017).
PKH67 as for other lipophilic dyes could bind lipoprotein particles, protein
contaminants or EVs. However, it was previously shown that the SEC allowed the
protein separation from the collected EV fractions as protein elution was observed
in later fractions and not in the EV containing fractions, and oxLDL was not

detected in EV preparations. Another limitation of this protocol was the inability
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to measure the staining efficiency of Control and oxLDL-EVs. One possible method
to measure staining efficiency would be by measuring PKH67 fluorescent intensity
of the same number of particles for Control and oxLDL-EVs using a plate reader
for example, but with the low EV yield generated that was not possible. To
conclude, PKH67 staining is useful to enable imaging of EV uptake into cells but
may not be the best optimised tool to study EV uptake and enable definitive

conclusions to be drawn.

The effect of Control and oxLDL-EVs on recipient HCASMC cell viability was
detected by the CyQUANT™ MTT Cell Viability Assay. In SF conditions, neither EV
population altered the recipient HCASMC cell viability. In serum induced HCASMC
cell viability, it was found that both EV populations did not affect recipient SMC
cell viability. Studies have showed that EVs derived from a plethora of cells could
modulate SMC cell viability. Sarkar et al., showed that monocyte-derived EVs
promoted SMC apoptosis and thus accelerated the progression of atherosclerosis
(Sarkar et al., 2009). The authors identified caspase-1 to be enriched in monocyte-
EVs and that is was responsible for the recipient SMC cell death (Sarkar et al.,
2009). SMC cell death was detected using Annexin V and crystal violet assays
whereas in this study the CyQUANT™ MTT Cell Viability Assay was used. But the
main difference between the two studies is the cell source that EVs were isolated
from. Platelet-derived EVs from septic patients transferred pro-apoptotic
messages in SMCs inducing cell death (Janiszewski et al., 2004). In all the above
studies, authors examined the effect of EVs produced by other cell types on SMC
cell viability while in this study the autologous effect of SMC-EVs on SMC was

examined.

The effect of Control and oxLDL-EVs on recipient HCAEC cell viability was detected
by the CyQUANT™ MTT Cell Viability Assay. HCAECs were not quiesced as low
serum media caused significant cell death (data not shown). The effect of EV
treatment was examined in the presence of 5% EV depleted serum and it was found
that a dose response treatment of Control and oxLDL-EVs from HCASMCs had no
significant effect on recipient HCAEC cell viability. EVs from other cell sources
have been shown to affect EC cell viability. Kong et al., showed that EVs isolated
from platelets exposed to PM.5 (particulate matter, 2.5 refers to the size of the
pollutant in microns) caused significant cell death to recipient human umbilical

vein endothelial cells (HUVECs) (Kong et al., 2020). Some key differences between
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the two studies are that in this study recipient HCAEC were used and in the
publication the authors used HUVECs. Furthermore, cell viability in these studies
was estimated using CyQUANT™ MTT Cell Viability Assay whereas in the publication
the Cell Counting Kit-8 was used and the major difference was the source of EVs.
Since cells were not quiesced due to the challenges with regard to cell toxicity
and no synchronisation of the cell cycle was established, it is difficult to draw
conclusions regarding the effect of SMC-EVs on recipient HCAEC cell viability. In
conclusion, the reason for not detecting any biological effect after EV treatment
could be that either Control or oxLDL-EVs do not affect HCASMC or HCAEC cell
viability or a different experimental design is required, or finally the cargo of
these EVs should be explored to determine whether molecules relevant to disease

could be detected.
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3.4 Summary

Optimisation of EV elution fraction by SEC was presented in this chapter. The
analysis showed that void volume and the first three fractions were the purest EV
containing fractions and the ones proposed to be collected for all future
experiments. If the SMC-EV elution profile was not assessed and only the fractions
proposed by the manufacturer were kept, the void volume which our analysis
showed contained EVs would be discarded. EVs were released in abundance from
HCASMCs after two types of treatment. OxLDL treatment did not alter either the
EV release from HCASMCs nor the size of EVs as Control-EVs had similar mean
particle size with oxLDL-EVs. The presence of oxLDL was quantified in EVs which
indicated that the isolation protocol removes any remaining oxLDL that might have
been in the culture media and furthermore that oxLDL is not secreted and co-
isolated with EVs, or that oxLDL is not packaged with EVs in cells. These
observations suggest that oxLDL does not affect the EV release from HCASMCs.
SMC-EV uptake by HCAECs was observed using PHK67 labelled Control and oxLDL-
EVs. Quantification of PKH67 mean fluorescent intensity revealed higher PKH67
signal in endothelial cells treated with Control-EVs compared to cells treated with
oxLDL-EVs. Finally, SMC-EV effect on recipient HCASMC and HCAEC viability was
observed. Control and oxLDL-EVs did not affect recipient HCASMC cell viability or
serum induced cell viability. Control and oxLDL-EVs did not affect recipient HCAEC
cell viability.
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Chapter 4 Profiling the small RNA cargo of EVs
from oxLDL-stimulated vascular smooth muscle

cells
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4.1 Introduction

MicroRNAs (miRNAs) and their function have been reported to participate in all
stages of atherosclerosis development (Laffont and Rayner, 2017). MiRNA
expression profiling studies showed a variety of miRNA being up or downregulated
in patients with coronary artery disease (Zhong et al., 2018). Another study
identified 3 miRNAs (miR-21,miR-92a, miR-99a) to be upregulated in coronary
atherosclerotic plaques (Parahuleva et al., 2018). EVs are involved in intracellular
communication via transfer of their EV cargo (lipids, proteins, and nucleic acids
such as miRNA, IncRNA, snRNA, snoRNA, mRNA and DNA) (Hildebrandt et al.,
2021). EV-RNA sequencing has been widely used to identify potential EV-miRNA
biomarkers or targets for disease prevention (Bao et al., 2018)(Chettimada et al.,
2020).

Small RNA sequencing is a rapid growing technology for transcriptomic
identification and quantification ('t Hoen et al., 2013). Previous approaches to
sequencing like Sanger sequencing were laborious and time consuming (McCormick
et al., 2011). Next generation sequencing (NGS) is considered superior to
microarray sequencing as it overcomes certain limitations associated with
microarray experiments (McCormick et al., 2011) (Figure 4-1). Briefly, NGS does
not require knowledge of the studied genome, sequencing is not dependent on
hybridization as in microarray experiments (cross-hybridization, meaning signal
will come from various sources apart from target, which can still occur during
microarray experiments) and NGS offers single-nucleotide resolution, which
increases specificity (Hurd and Nelson, 2009)(McCormick et al., 2011). Moreover,
NGS can detect any sequence present in a sample varying from a novel transcript
or transcript originating from alternative splicing (McCormick et al., 2011).
Finally, only a few ng of material is sufficient for sequencing and NGS produces
data in digital format by counting the number of copies of a sequence (Hurd and
Nelson, 2009).
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Figure 4-1 RNA transcript characterisation by Microarray and RNA Sequencing

Schematic representation of microarray sequencing vs RNA sequencing
highlighting the key differences of the two methods. For microarray sequencing,
RNA is extracted, reverse transcribed and labelled with fluorescent probes (green
for control sample, red for treatment). Next, cDNA samples are hybridised to
known complementary sequences on the microarray chip. Relative gene
expression is quantified as relative fluorescence intensity of green vs red.
Similarly, for RNA sequencing, RNA needs to be extracted, fragmented, reverse
transcribed to cDNA and tagged with adaptors at the end of each fragment for
better sequencing. While sequencing, fragmented sequence are aligned against a
reference genome to quantify the expression levels of each gene in the sample.
Parts of the figure were created by using pictures from BioRender.com. Image was
adapted from Otogenetics corporation (Otogenetics, 2023).
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MiRNAs are considered key regulators of gene expression as one miRNA can target
more than one gene transcript generating numerous potential targeting sites for
each miRNA (Peterson et al., 2014). Identifying these target sites via laboratory
experimentation would be time consuming and costly (Peterson et al., 2014). For
this purpose, a variety of computational prediction tools for miRNA-mRNA
interactions have been developed allowing in silico prediction of numerous miRNA-
MRNA interactions. Choosing the right prediction tool can be challenging. Most
computation algorithms make the assumption that miRNA targets primarily the
3’UTR region of mRNA transcripts whereas studies have shown that miRNA can
target other regions such as the 5’UTR region or CDS, thus regulating gene
expression (Marin et al., 2013)(Gu et al., 2014). Taking into account the fact that
each prediction tool is based on different features, different prediction tools will
identify different interactions (Quillet et al., 2020). Some studies suggest that
combining results from several computational prediction tools rather than

separating them will generate optimal results (Quillet et al., 2020).

MiRNAs are the main cargo of EVs and miRNAs encapsulated in EVs have been
implicated in atherosclerosis progression (Lu et al., 2018)(Xu et al., 2021). Several
studies have examined the effect of miRNAs in lesion progression while others
have examined the EV-miRNAs in disease progression while often different studies
have examined the same miRNAs/EV-miRNAs. The hypothesis of this chapter was
that oxLDL treatment would alter miRNA cargo of SMC-EVs.
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4.1.1 Aims

o Examine if oxLDL treatment alters the small RNA cargo of SMC-derived EVs

by small RNA sequencing.

o To validate candidate small RNA species (as identified by small RNA
sequencing) by RT-qPCR.

o To apply bioinformatic prediction tools and predict gene targets for the

RNA sequencing identified small RNA species.
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4.2 Results

4.2.1 Differential expression analysis of small RNA species in EVs
after oxLDL treatment

In Chapter 3, the effect of oxLDL treatment on EV release from HCASMCs was
discussed. Control and oxLDL-EVs derived from HCASMC were isolated as described
in 2.5.1. RNA was extracted as described in 2.4.1. Small RNA sequencing was
performed by Glasgow Polyomics on samples extracted from three individuals
under control (untreated) and oxLDL treatment. Principal component analysis
(PCA) plot analysis revealed that there were transcriptional alterations in Control-
EVs vs oxLDL-EVs (Figure 4-2). However, a mixed degree of separation between
Control-EVs and oxLDL-EVs was observed, possibly reflecting heterogeneity
between individual donor cells (Figure 4-2). Heterogeneity among donors to some
degree is to be expected, however 3 out 4 donors were of the same sex. No further
details on donors were available so further conclusions regarding donor
heterogeneity can not be drawn. RNA sequencing identified 475 small non-coding
RNAs. Of these, 112 or 23.6% of total small RNA species were identified as miRNAs,
206 or 43.4% were identified as snRNAs, 145 or 30.5% were identified as SnoRNAs
and 12 or 2.5% were identified as small Cajal-body specific RNAs. RNA species
whose expression was differentially expressed between the two EV groups are
depicted in a volcano plot and heatmap (Figure 4-3). Differential expression
analysis showed that oxLDL treatment resulted in 4.5-fold downregulation of miR-
125b-2 and 4.5-fold upregulation of 3 snRNAs, RNU2-7p, RNU2-29p, RNU2-57p in
HCASMCs-EVs (Figure 4-3). The Volcano plot in Figure 4-3 was created using
padplot and small RNA species with p.Adj<0.05 were considered to be
differentially expressed. The heatmap in Figure 4-4 was created using padplot,
columns represent each sample which was sent to be sequenced and rows

represent small non-coding RNAs which were differentially expressed.
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Figure 4-2 Principal component analysis (PCA) plot

PCA plot of RNAseq data was performed to identify variation between control and
oxLDL-EVs. Samples are colour coded based on the treatment they received.
Orange colour dots represent control-EVs and blue colour dots represent oxLDL-
EVs. Each dot represents an analysed sample.

146



5 p.Adj < 0.05

MIR125B2

RNU2-7P

RNU2-57P

RNU2-29P

w

-log p-value

N

-4 -2 0 2 4
log2 Fold Change

Figure 4-3 Differential expression analysis between Control-EVs and oxLDL-EVs

Volcano plot of statistical significance (p.Adg <0.05) against Log2 fold change
between Control-EVs and oxLDL-EVs, demonstrating the most significantly
differentially expressed small non-coding RNAs miR-125b-5p, RNU2-7p, RNU2-57p
and RNU2-29p (orange dots). Volcano plot was created using padplot.
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Figure 4-4 Differential expression analysis between Control-EVs and oxLDL-EVs

Heatmap was created using padplot. Rows refer to each small RNA component
which was differentially expressed, and columns refer to each sample which was
sequenced. Relative abundance for each small RNA is represented by colour
(black, lower abundance; yellow, higher abundance), as indicated in the legend.
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4.2.3 Validation of small RNA species in EVs

RNA sequencing analysis identified one miRNA, miR-125b-2, to be significantly
reduced in oxLDL-EVs derived from HCASMCs (Figure 4-3). MiR-125b-2 is the pre-
miRNA that gives rise to mature forms miR-125b-5p and miR125b-2-3p (Chao et
al., 2019)(Wang et al., 2020). To determine if the gene name corresponds to the
pre-miRNA or one of the mature strands, the process described in 2.6.3.1 was
followed. Figure 4-5 depicts the process followed to identify the miRNA strand and

read sequence for the 3 snRNAs identified by the RNA sequencing experiment.

hsa-miR-125b-2
‘“’read sequence”’
| hsa-miR-125b-5p |

hsa-miR-125b-2-3p iseesseews —
TCCCTGAGACCCTAACTTGTG
ACCAGACUUUUCCUAGLllCIleilJICTAICiAI\('iClCIlJlﬁCIL{l]I(?UI(ISAIGGUAUUUUAGUAACAL{(liAI‘('i.L\lAICTUI(iAI(i(‘icll.ll(ZILJILil(IS(IE(‘iAItCICUAGGCGGAGGGGA
UCCCUGAGACCCUAACUUGUGA \ UCACAAGUCAGGCUCUUGGGAC
B T T L T
snRNA Sequence

RNU2-7P (ENSG00000222726) AAATGGATTTTTGGAGCAGGGAGATT
— RNU2-57P (ENSG00000252468) ATGGA TGGAGCAGGGAGAT
RNU2-29P (EN5G00000222355) TGGATTTTTGGAGCAGGGAGATGG

Figure 4-5 Workflow process for probe identification to validate small RNAs
identified by RNA sequencing experiment

(A) Mapping of read corresponding to miR-125b-2 gene which was identified to be
differentially expressed in EVs after oxLDL treatment according to RNA sequencing
experiment. (B) Mapping of reads corresponding to RNU2-7P, RNU2-57P and RNU2-
29P genes which were found to be differentially expressed in EVs after oxLDL
treatment according to the RNA sequencing.

The mapping analysis of miR-125b-2 read from RNA sequencing showed that the
differential change in expression identified in the RNASeq analysis corresponded
specifically to the miR-125b-5p mature stand (Figure 4-5). However, for
completeness, the pre-miR and both mature strands were quantified in the

validation experiments (Figure 4-8).
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Figure 4-6 Schematic representation of spike-in protocol and validation
process in isolated SMC-EVs.

SMC-EVs were spiked with 27 pg of synthetic cel-miR-39-3p before RNA isolation.
The synthetic cel-miR-39-3p was added to EV samples to be used as a housekeeper
miRNA for sample normalisation. The bottom part of the figure represents the pre-
miRNA-miR-125b-2 and its two mature miRNAs strands. Validation of miR-125b-5p
levels in SMC-EVs involved detecting the levels of pre-miRNA-miR-125b-2 and
levels of two mature miRNAs which forms, miR-125b-5p which was identified by
RNAseq and miR-125b-3p were measured in isolated SMC-EVs. Parts of the figure
were created by using pictures from BioRender.com.
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The mapping analysis of reads corresponding to RNU2-7P, RNU2-57P and RNU2-29P
from the RNA sequencing experiment showed that all 3 reads had similar
sequences with only 2 or 3 base differences (Figure 4-5 B). The design of 3 probes
to separately detect the levels of 3 snRNAs was therefore not feasible, so a TagMan
probe was designed to detect the levels of snRNA RNU2 (Error! Reference source n

ot found.).

To validate the small RNA sequencing results in-house, RT-qPCR was identified as
the most suitable method. A defined amount (27 pg) of synthetic cel-miR-39-3p
was added to EVs (spike-in) before RNA was extracted from SMC-EVs (Figure 4-6).
The exogenous miRNA was used as a housekeeper miRNA for sample normalisation.
Cel-miR-39-3p levels were detected after spike-in in EVs and miRNA levels were
stable and unchanged in Control-EVs (Ct value 20.27+0.26) and oxLDL-EVs (Ct
value 20.56+0.10) (Figure 4-7).

Relative quantification revealed that miR-125b-5p levels were significantly
reduced in oxLDL-EVs (RQ=0.84+0.35) compared to Control-EVs (RQ=1.0+0.40)
(Figure 4-8 A). MiR-125b-2-3p was detected in Control and oxLDL-EVs (Figure 4-8
B). No statistical difference was observed in miR-125b-2-3p in EVs isolated from
HCASMCs (Control-EVs RQ=1.0+0.24, oxLDL-EVs RQ=1.21+0.98) (Figure 4-8 B).
Relative quantification of miR-125b-2 (pre-miRNA) expression demonstrated the
pre-miRNA was not packaged in EVs as CT values detected in Control and oxLDL-
EVs were undetermined (Figure 4-8 C). Regarding the validation of RNU2 snRNA,
RT-gPCR showed significant increased levels of RNU2 snRNA in oxLDL-EVs (Control-
EVs RQ=1.0+0.4, oxLDL-EVs RQ=1.7+0.4,Figure 4-9). Overall, the RT-qPCR data for
each miRNA and small RNA agreed with the analysis reported from the RNASeq
data.
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Figure 4-7 Cel-miR-39-3p detection in SMC-EVs after spike-in

gPCR confirmed that cel-miR-39-3p was detected in Control and oxLDL-EVs after
spike-in. Statistical probability of differences in expression observed were
calculated using paired Student’s t-test, vs Control-EVs (ns= nonsignificant). Data
are shown as Ct values +SEM (n=4 patients).
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Figure 4-8 Validation of miR-125b-5p
in isolated SMC-EVs

(A) gPCR analysis confirmed that miR-
125b-5p was downregulated in oxLDL-
EVs as suggested by RNAseq
experiment. (B) gPCR analysis
revealed no difference in levels of
miR-125b-2-3p between Control and
oXLDL-EVs. (C) Pre-miRNA miR-125b-2
was undetected in Control and oxLDL-
EVs as indicated by qPCR analysis. Ct
values were normalised to a spike
housekeeper = miRNA, cel-miR-39.
Statistical probability of differences in
expression observed were calculated
using paired Student’s t-test, vs
Control-EVs (*p<0.05, **p<0.01). Data
are shown as RQ values +SEM (n=3 or 4
patients).
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Figure 4-9 Validation of U2 snRNA in isolated SMC-EVs

gPCR analysis confirms that U2 snRNA is upregulated in oxLDL-EVs in agreement
with the RNAseq data. Ct values were normalised to a spike housekeeper miRNA,
cel-miR-39. Statistical probability of differences in expression observed were
calculated using paired Student’s t-test, vs Control-EVs (**p<0.01). Data are shown
as RQ values +SEM (n=4 patients).
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A different approach to analyse data from the RNAseq experiment was performed
with Dr Simon Fisher (University of Glasgow) (Figure 4-10). The raw counts
obtained by Polyomics were subjected to a normalisation strategy of log2CPM+1.
The counts were normalised to the total genetic material within that sample, then
those normalised counts were logged. Adding 1 to these values helped to prevent
the error when attempting to log0 (all the zeros in the dataset become 1). From
these normalised counts, a Welch’s test was applied. Welch’s t-test is a
parametric test comparing two independent groups with unequal variance. This is
a simplified test versus differential expression analysis negative binomial
regression Wald test. Differential expression analysis relies on an abundance of
counts across many genes, so may not be ideal for very small quantities of RNA
detected in EVs. This strategy was presented to statistician Dr John McClure and
bioinformatician Dr Graham Hamilton (University of Glasgow). Both approaches

have their limitations, thus the two different approaches were investigated.

RNA species whose expression was differentially expressed between the two EV
groups are depicted in a volcano plot (Figure 4-10). This different approach for
analysis of RNAseq data showed that oxLDL treatment resulted in downregulation
of miR-125b-5p, thus validating the differential expression analysis, plus also
identified downregulation of miR-199b-5p, miR-119a-5p and upregulation of
RNU2-37p, RNU2-56p, RNU2-250p, SMORD36B as other potential candidates. The
volcano plot in Figure 4-10 was created using padplot and small RNA species with
p.Adj<0.05 were considered to be differentially expressed. Differential expression
analysis identified miR-125b-5p to be downregulated in oxLDL-EVs and variants of
U2 snRNA (RNU2-7p, RNU2-29p, RNU2-57p) to be upregulated in oxLDL-EVs. Using
the different analysis, two new miRNAs, miR-199b-5p and miR-199a-5p, were
found downregulated in oxLDL-EVs, while 3 different U2 snRNAs (RNU2-37p, RNU2-
56p, RNU2-250p) and a snoRNA, SMORD36B, were found upregulated in oxLDL-EVs.
However, miR-125b-5p was identified by the two different methods of analysis to
be downregulated in oxLDL-EVs highlighting that the two methods, both identified
miR-125b-5p to be differentially expressed.
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Figure 4-10 Differential expression analysis between Control-EVs and oxLDL-
EVs

(A) Volcano plot of statistical significance (p.Adg <0.05) against Log2 fold change
between Control-EVs and oxLDL-EVs, demonstrating the most significantly
differentially expressed small non-coding RNAs miR-125b-5p, miR-199b-5p, miR-
199a-5p, RNU2-37p, RNU2-56p, RNU2-250p, SNORD36B. The volcano plot was
created using padplot by Simon Fisher.
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The mapping analysis of miR-199b reads and miR-199a-2 reads from the RNA
sequencing was performed as explained (Figure 4-5) and showed that both reads
correspond to the -5p mature miRNA strand: miR-199b-5p and miR-199a-5p (data
are not shown). Validation of the two nhew miRNAs identified by this approach was
performed using RT-qPCR (Figure 4-11). EVs were spiked with a known amount of
a synthetic miRNA, cel-miR-39-3p (Figure 4-6). Relative quantification revealed
that miR-199b-5p levels were significantly reduced, 0.68-fold reduction, in oxLDL-
EVs (RQ=0.32+0.77) compared to Control-EVs (RQ=1.0+0.52) in agreement with
analysis of the small RNA sequencing experiment (Figure 4-11 A). Relative
quantification of miR-199a-5p showed significant reduction for this miRNA in
oxLDL-EVs (RQ=0.53+1.64) compared to Control-EVs (RQ=1.0+1.62) in agreement
with analysis of the small RNA sequencing experiment (Figure 4-11 B). However,
a large degree of variability across individual patients was observed regarding the
validation of miR-199b-5p and miR-199a-p in Control and oxLDL-EVs.
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Figure 4-11 Validation of miR-199b-5p and miR-199a-5p in SMC-EVs

(A) gPCR analysis confirms that miR-199b-5p is downregulated in oxLDL-EVs as
suggested by alternative analysis of the RNAseq data. (B) gPCR analysis shows that
miR-199a-5p is downregulated in oxLDL-EVs. Ct values were normalised to a spike
housekeeper miRNA, cel-miR-39-3p. Statistical probability of differences in
expression observed were calculated using paired Student’s t-test, vs Control-EVs
(*p<0.05). Data are shown as RQ values +SEM (n=4 patients).
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Table 4-1 Summary of small RNA species validation

A table summarising Ct values and RNAseq reads for all RNA species identified
from the two methods of RNA sequencing analysis.

Av Ct value Av RNAseq reads

miR-125b-5p Control-EVs 24.31 103.61
oXxLDL-EVs 24.44 25.69

RNU2 Control-EVs 24.77 27.88

oXLDL-EVs 24.16 133.51

miR-199b-5p Control-EVs 34.70 27.99
oXLDL-EVs 36.01 8.22

miR-199a-5p Control-EVs 35.25 26.34
oXLDL-EVs 35.88 7.57

All of the miRNAs, miR-125b-5p, miR-199b-5p and miR-199a-5p, were successfully
validated by RT-qPCR. However, the average number of RNA sequencing reads was
low for both miR-199b-5p and miR-199a-5p indicating that future work might be
better focused on miR-125b-5p (Table 4-1)
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4.2.4 MiR-125b-5p expression after oxLDL treatment

After candidate small RNAs were successfully validated in SMC-EVs, miR-125b-5p
was chosen for further analysis and, miR-125b-5p levels in HCASMCs in response
to oxLDL stimulation was assessed. MiR-125b-5p levels were examined at 2
timepoints (Figure 4-12 A). Briefly, HCASMCs were quiesced for 24 hours and then
treated with or without oxLDL (10 pg/mL) for 24 hours (0 h timepoint). After the
oxLDL treatment (0 h timepoint), stimulation media was removed and replaced
with new media without oxLDL. After 48 hours, media was collected for EV
isolation and QIAzol was added to the cells to examine miR-125b-5p expression in

cells after EV collection (48 h timepoint).

MiR-125b-5p expression after 24 hour oxLDL stimulation (0 h timepoint) was found
significantly upregulated in HCASMCs treated with oxLDL (RQ=1.30+0.15)
compared to control HCASMCs (RQ=1.0+0.09) (Figure 4-12 B). Next, miR-125b-5p
levels were quantified in HCASMCs after EV collection at the 48 h timepoint (Figure
4-12 C). MiR-125b-5p expression was found significantly downregulated in
HCASMCs after oxLDL stimulation and 48 hour EV production (RQ=0.72+0.56)
compared to control HCASMCs after 48 hour EV production (RQ=1.0+0.49) (Figure
4-12 C). In EVs isolated from the media that was collected at 48 hours, miR-125b-
5p levels were found significantly reduced in oxLDL-EVs compared to control-EVs,
in agreement with the previous validation data (Figure 4-8 A). These new data
demonstrate there may be temporal regulation of miR125b-5p levels in the
HCASMCs at different timepoints and that this may influence the levels in secreted
EVs.
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Figure 4-12 MiR-125b-5p expression in HCASMCs in response to oxLDL
treatment

(A) Schematic representation of oxLDL stimulation in HCASMCs and sample
collection timepoints. HCASMCs were quiesced for 24 hours and then treated with
or without oxLDL (10 pg/mL) for 24 hours. After the oxLDL treatment (0 h
timepoint), stimulation media was removed and replaced with new media. After
48 hours, media was collected for EV isolation and QIAzol was added to the cells
to examine miR-125b-5p expression in cells after EV collection (48 h timepoint).
(B) Relative quantification shows that miR-125b-5p is upregulated in response to
24 hour oxLDL treatment. (C) Relative quantification shows that miR-125b-5p
levels are downregulated in HCASMCs after 24 hour oxLDL treatment and 48 hour
EV production compared to control treated cells after 48 hour EV production. Ct
values were normalised to RNU48. Statistical probability of differences in
expression observed were calculated using paired Student’s t-test, vs Control
(*p<0.05). Data are shown as RQ values +SEM (n=3 patients).
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4.2.5 miRNA target prediction and Gene-set Enrichment analysis
Twelve different miRNA prediction methods and software were used to predict
gene targets: miRWalk 3.0 (Sticht et al., 2018), MicroT4 (Vlachos et al., 2015),
miRanda, miRbridge, miRMap, miRNAMap, Pictar2, PITA, RNA22, RNAhybrid,
MiRDB (Chen and Wang, 2020) and Targetscan (Friedman et al., 2009). The overall
predicted targets by combining the 12 predictions tools were 59,775 (Table 4-2).
There were 1373 predicted gene targets which were predicted by 7 or more out
of 12 prediction tools. That cut-off was used to maximize the chances of keeping
“true” targets of miR-125b-5p and to try to eliminate false positive targets of miR-
125b-5p that may have been generated by these algorithms. It has been reported
that some prediction algorithms that depend on conservation of the seed match
of the miRNA (seed match is a conserved sequence which is mostly situated at
positions 2-7 from the miRNA 5 end and is the sequence of miRNA that binds to
mRNA) can lead to many false positive hits (Pinzon et al., 2017). By using only this
parameter, these algorithms do not consider other factors like thermodynamic
stability of the miRNA-mRNA complex. The 1373 predicted gene targets were cross
referenced with Tarbase, an online curated database of experimentally validated
miRNA gene targets (Karagkouni et al., 2018). Only 303 gene targets were reported
to be validated based on results generated from Tarbase (Table 4-2) (Karagkouni
et al., 2018).

DAVID was used for pathway enrichment analysis (Huang et al., 2009)(Sherman et
al., 2022). Predicted and validated gene targets generated previously (303 gene
targets) were inserted into DAVID which generated a list with biological pathways
that were enriched with the genes inserted. DAVID used KEGG and Biocarta
Pathways for pathway analysis which are collections of manually curated common
metabolic pathways. Pathway analysis showed that miR-125b-5p may regulate

genes related to cell growth, proliferation and apoptosis (Figure 4-13).
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Table 4-2 Summary of miRNA target prediction

List of 12 prediction tools and predicted gene targets for each prediction tool,
number of predicted gene targets that passed the cut-off, number of validated
target genes and number of predicted and validated gene targets.

Targets predicted Predicted and
Predicted Gene Validated Gene .
Prediction tool by 7 or more out of Validated Gene
Targets Targets
12 Prediction tools Targets
miRWalk 3.0 11,205 1,373 1,109 303
MicroT4 4,531
miRanda 6,028
miRbridge 55
miRMap 5,406
miRNAMap 1,189
Pictar2 673
PITA 4,088
RNA22 6,586
RNAhybrid 18,158
MiRDB 925
Targetscan 931
Total predicted
59,775

Gene Targets
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Figure 4-13 Pathway Enrichment analysis for miR-125b-5p predicted gene
target

The string network depicts enriched pathways generated by DAVID and the target
genes found enriched in these pathways. The dark red nodes or circles represent
the pathway found enriched and the smaller grey nodes represent the target genes
enriched in every pathway which are connected with a grey edge to the pathway
they belong. The string network was generated by Cytoscape.
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4.2.6 Pathway hypothesis

To form a pathway hypothesis, the GO terms related to Biological Process,
Molecular Function and Cellular Compartment, generated from DAVID were
examined. As seen in Figure 4-13, DAVID generated a list with 10 pathways that
miR-125b-5p may regulate through genes related to cell growth, proliferation and
apoptosis. DAVID enrichment software mapped genes to their associated pathways
or GO terms. Most of the time there was not perfect enrichment, meaning that
only a few genes, e.g. two or three, map to a certain pathway while a certain
pathway may be regulated by far more genes. To avoid bias by choosing only one
pathway over the other and make analysis less complicated, the GO term approach
was chosen for further analysis (Young et al., 2010). During GO term analysis, a
gene is associated with a GO term based on common characteristics or functions
that it shares with the specific term. A list with GO terms regarding biological
process, cellular compartment and molecular function was generated by DAVID
enrichment software. The gene frequency, (how many times a gene was found in
a separate GO term), was calculated (Figure 4-14). Six genes, TP53, STAT3, SP1,
PPP1CA, ERBB2 and ERRB3, were identified from the three GO term lists with the
higher gene frequency (Figure 4-14). To summarize, the pathway hypothesis which
was formed following the bioinformatic analysis was that ERBB2/ERBB3 dimer
activation leads to MAPK/ERK signalling pathway activation (Olayioye, 2001). The
MAPK/ERK pathway was identified by DAVID enrichment software too. That results
in p53, STAT3 and SP1 activation and cell proliferation via regulation of gene
transcription. MAPK/ERK activation also results in PP1 activation and cell survival

regulation (Figure 4-15).
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Figure 4-14 GO term analysis of
predicted gene targets for miR-125b-5p

Each chart pie depicts gene frequency of
genes in GO terms list for Biological
Process, Molecular Function and Cellular
Compartment generated by DAVID. Red
boxes highlight genes with higher
frequency.

166



Growth factors

C )

Extracellular

Cytoplasm

ERBB2 ERBB3

MEK1/2
eki2 @ . ept
PPP1CA
Gene transcription l

Nucleus |

STAT3

TP53
SP1 Proliferation

DNA /l' "" ‘l" " " Cell survival

Expression of genes regulate proliferation
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Six genes were identified from GO term analysis and a pathway hypothesis was
formed. Three genes, STAT3, TP53 and SP1, are transcription factors that regulate
cell survival and proliferation.



4.3 Discussion
In this chapter, the small RNA cargo of SMC-EVs after control or oxLDL treatment

was sequenced. Differential expression analysis identified one miRNA, miR-125b-
5p, to be downregulated in oxLDL-EVs compared to Control-EVs and 3 snRNAs,
RNU2-7p, RNU2-29p, RNU2-57p, which were found to be upregulated in oxLDL-EVs
compared to Control-EVs. Validation of small RNAs in house was successful using
RT-gPCR. A different approach for RNA sequencing analysis also identified miR-
125b-5p as well as two other miRNAs, miR-199b-5p and miR-199a-5p, to be
downregulated in oxLDL-EVs, while 3 different U2 snRNAs (RNU2-37p, RNU2-56p,
RNU2-250p) and a snoRNA, SNORD36B, were found upregulated in oxLDL-EVs. MiR-
199b-5p and miR-199a-5p were also successfully validated in SMC-EVs using RT-
gPCR, although there was more donor-to-donor variation. Interestingly, miR-125b-
5p was identified to be differentially expressed by the two methods. MiR-125b-5p
expression was found elevated in HCASMCs after oxLDL treatment and significantly
reduced in HCASMCs in oxLDL stimulated cells after 48 hours EV secretion
compared to control cells. Bioinformatic analysis focused on finding gene targets
for miR-125b-5p. In total, 59,775 gene targets were predicted from 12 algorithm
prediction tools and 1373 gene targets were present in 7 or more of these
databases. Finally, only 303 predicted gene targets were also validated gene
targets of miR-125b-5p. Using pathway enrichment analysis software, all 303 gene
targets were categorised into biological pathways, all related to regulating cell
survival, cell growth and proliferation. Using the GO term list generated by DAVID,
the most frequent genes for each category were chosen and a pathway hypothesis
was formed as to how miR-125b-5p may regulate cell survival and proliferation via

regulation of these genes.

Transcriptomic analysis of EV cargo is becoming popular since it was clear that EVs
contain a variety of RNA types, including tRNA; miRNA, Y-RNA,; mRNA, rRNA,
IncRNA, piRNA, snRNA, snoRNA, and scaRNA (Gézsi et al., 2019). Transcriptomic
studies focused on analysing EV-RNA cargo in pathologies where there was a need
to identify biomarkers or miRNAs that may participate in the pathology. Analysis
of RNA cargo of EVs deriving from cells participating in atherosclerosis progression
has provided a lot of insight into the role of EV-miRNA in disease pathology. Not
many studies have focused on the active cargo of SMC-EVs during atherosclerosis
in contrast with other cell type’s EVs like ECs and platelets. Transcriptomic

analysis of miRNA profile of platelet-EVs undergoing in vitro senescence identified
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a plethora of miRNAs, miR-144-3p, miR-486-5p, miR-142-5p, miR-451a, miR-25-
3p, miR-145-5p, and let-7f-5p, being upregulated (Pienimaeki-Roemer et al.,
2017). Some of these miRNAs such as miR-451a, miR-25-3p, miR-145-5p, have been
implicated in CAD (Pienimaeki-Roemer et al., 2017). The miR 143/145 axis is
important for SMC homeostasis and differentiation. In animal models of
atherosclerosis, miR-143/145 levels were found reduced and their overexpression
suppressed lesion progression (Lovren et al., 2012). Moreover, circulating levels
of miR-145 were found reduced in patients with stable CAD (Fichtlscherer et al.,
2010). Another study profiled the small RNA cargo of EC-EVs after oxLDL treatment
and identified miR-155 to be upregulated in EC-EVs after oxLDL treatment (He et
al., 2018). Elevated levels of miR-155 were distinct of inflammatory macrophages
and lesion progression (Wei et al., 2013). However, circulating levels of miR-155
in patients with CAD have been found reduced compared to healthy donors and

have been proposed as a biomarker for disease diagnosis (Faccini et al., 2017).

In this study, small RNA sequencing was chosen to profile the RNA cargo of SMC-
EVs after oxLDL treatment, an atherogenic molecule. Differential expression
analysis identified miR-125b-5p to be downregulated in oxLDL-EVs. Jia et al.,
studied circulating miRNAs as biomarkers for acute myocardial infarction (AMI) in
patients with ACS and identified miR-125b-5p to be upregulated in patients with
AMI (n=3 AMI patients and n=3 healthy controls) (Jia et al., 2016). Further analysis
of circulating levels of miR-125b-5p in 230 patient with ACS and 79 healthy
controls found higher miR-125b-5p levels in patients with ACS compared to healthy
patients, suggesting that levels of miR-125b-5p could be used for early diagnosis
of AMI (Jia et al., 2016). The role of miR-125b in atherosclerosis progression has
been discussed previously (Chao et al., 2019)(Wang et al., 2021). Another study
showed that miR-125b-5p was upregulated in lesions from CAD patients and by
using in situ hybridisation found that macrophages and SMCs in lesions highly
expressed miR-125b-5p (Hueso et al., 2022).

MiR-125b-5p is highly expressed in vascular cells such as murine ECs and SMCs (Li
et al., 2010)(Hueso et al., 2022). Li et al., showed that oxLDL treatment resulted
in reduced miR-125b-5p expression in recipient ECs showing that oxLDL regulates
miR-125b-5p expression in ECs (Li et al., 2010). Another study showed that when
human aortic vascular smooth muscle cells (HAVSMCs) were treated with oxLDL

(75 pg/mL) for 24 hours significant downregulation of miR-125b-5p was observed
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(Li et al., 2015). In our study, upregulation of miR-125b-5p in HCASMCs was
observed after 24 hour oxLDL treatment. That difference could be attributed
either to the different VSMC type or the concentration of oxLDL used for the
treatment (10 pyg/mL vs 75 pg/mL). MiR-125b-5p levels were found reduced in
cells after 24 hour oxLDL stimulation and 48 hour EV secretion compared to control
cells at the same timepoint, in contrast with miR-125b-5p upregulation after 24
hour oxLDL simulation. Moreover, miR-125b-5p in HCASMCs after 48 hours EV
secretion reflected the miR-125b-5p levels of Control and oxLDL-EVs isolated from

these cells.

Small RNA sequencing identified 3 snRNAs which belong to the U2 snRNA family
which are known to be regulators of mRNA splicing as components of the
spliceosome (Guo et al., 2018)(van der Feltz and Hoskins, 2019). Alternative
splicing participates in physiological and pathological responses including in
cardiovascular diseases (Rizzacasa et al., 2017)(Hasimbegovic et al., 2021). This
is better highlighted in the study of Jia et al., where they showed that mutations
in the RNU2-8 gene in mice resulted in neurodegeneration through disruption of
alternative splicing (Jia et al., 2012). Upregulation of snRNA variants could be
associated with pathological conditions as suggested by Kuhlmann et al., where
they showed that circulating levels of U2-1 snRNA fragment were significantly
increased in ovarian cancer patients proposing that a circulating snRNA could be
used to monitor the disease progression (Kuhlmann et al., 2014). This could be an
explanation for the upregulation of RNU2-7p, RNU2-29p, RNU2-57p in oxLDL-EVs.
However, Ding et al., observed downregulation of RNU5SE-1 in tissues from
hepatocellular carcinoma patients and suggested that levels of RNU5E-1 could be
utilised as a diagnostic and prognostic biomarker (Ding et al., 2020). The direct
effect of oxLDL treatment in the expression of these snRNAs in HCASMCs could
have been tested, however downstream analysis was focused on the role of miR-
125b-5p.

Bioinformatic analysis identified 303 predicted and validated gene targets for miR-
125b-5p and 6 genes, TP53, STAT3, SP1, PPP1CA, ERBB2 and ERRB3, were
identified from the three GO term lists with the higher gene frequency. Three out
of 6 genes, TP53, STAT3 and SP1, are transcription factors. The role of
transcription factors in pathway activation and atherosclerosis progression has
been highlighted in many studies (Adhikari et al., 2006)(Niu et al., 2019). Studies

170



report that oxLDL can induce SMC proliferation via activation of ERK pathway,
EGFR/PI-3K/Akt pathway and transcription factor activation (NF-kB) and apoptosis
via p53 activation (Napoli et al., 2000)(Auge et al., 2002)(Chistiakov et al., 2015).
Pro-inflammatory molecule expression like IL-18 and TNF-a by SMCs after oxLDL
internalisation via LOX-1 receptor is mediated by NF-kB upregulation (Chistiakov
et al., 2015). All these changes induced by oxLDL at molecular level promote SMC
phenotypic switching towards a proliferative and migratory phenotype (Chistiakov
et al., 2015). Changes induced by oxLDL in SMCs should be reflected in the cargo
of the SMC-EVs according to the hypothesis of this study.

The role of p53 in atherosclerosis development has been discussed thoroughly
suggesting that p53-deficiency can drive disease progression (Guevara et al.,
1999)(Mercer and Bennett, 2006)(Cao et al., 2017). Analysis of clinical specimens
confirmed the localisation of p53 in atherosclerotic plaques (lhling et al., 1998).
Elevated concentrations of oxLDL are toxic for many cell types such as SMCs.
OxLDL macrophage apoptosis is part of atherosclerosis progression and Kinscherf
et al., showed that oxLDL induced apoptosis in macrophages was associated with
p53 induction and p53 inhibition resulted in reduced oxLDL induced apoptosis
(Kinscherf et al., 1998). Stress-induced SMC apoptosis may be mediated by the
MAPK/ERK pathway (Mayr and Xu, 2001). As a result, MAPK activation can lead to
p53 activation or mechanical stress can lead to direct p53 activation as was shown

in cardiac myocytes (Mayr and Xu, 2001).

STAT3 has also been implicated in atherosclerosis development and STAT3
inhibition has been proposed as a druggable target for disease treatment (Chen et
al., 2019). Phosphorylated levels of STAT3 were found increased in atherosclerotic
lesions from APOE KO mice (Zhou et al., 2008). Pravastatin treatment in APOE KO
mice resulted in significant reductions in lesion area along with reduced STAT3
phosphorylation highlighting the importance of STAT3 in atherosclerosis
progression (Zhou et al., 2008). Activation of STAT3 by oxLDL in ECs has also been
shown (Maziere et al., 1999). Another study showed that oxLDL was crucial for
miRNA cargo sorting in EC-derived EVs via phosphorylation of STAT3 (Liu et al.,
2019).

Many studies have discussed the role of SP1 in vascular SMC normal function during
atherosclerosis (Andrés et al., 2001)(Kavurma and Khachigian, 2003)(Osaki et al.,

2004). Li et al., showed that endothelial progenitor cell-EVs were enriched in miR-
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199a-3p and miR-EV transfer in vivo resulted in SP1 inhibition resulting in reduced
EC cell death and delayed atherosclerosis progression (Li et al., 2021). SMC
apoptosis is important for plaque stability, and it was shown that increased SP1
phosphorylation is a pro-apoptotic event in SMCs (Kavurma et al., 2001). In hepatic
cells, it was found that increased oxLDL levels resulted in SR-Bl expression via SP1
phosphorylation by the ERK pathway (Yang et al., 2016). SP1 is implicated in
atherosclerosis progression via another mechanism. SP1 can regulate the
expression of LDLR as it demonstrates SP1 binding sites and SP1 binding to LDLR is
mediated by the ERK pathway (Ochiai et al., 2016). It is worth mentioning that
direct activation of the ERK pathway by oxLDL has been showed in vascular SMCs
(Yang et al., 2001).

The PPP1CA gene encodes one of the catalytic subunits of PP1 protein phosphatase
(Rebelo et al., 2015). Research suggests that PP1 phosphatase may regulate cell
division via transcriptional regulation (Rebelo et al., 2015) (Flores-Delgado et al.,
2007). Phosphatase and actin regulating protein 1 (PHACTR1) is an PP1 binding
protein and it has been shown that PHACTR1 deficiency promotes necrotic core
formation in atherosclerotic plaques (Kasikara et al., 2021). The authors showed
that PHACTR1 mediated macrophage efferocytosis via a PP1 dependent
mechanism (Kasikara et al., 2021). Moreover, the PHACTR1 loci was identified by
GWAS as a genetic risk factor for atherosclerosis (Holdt and Teupser, 2013). The
final two genes identified by bioinformatic analysis were ERBB2 and ERBB3.
Interestingly, all members of the epidermal growth factor receptor family have
been found to be expressed in SMCs (Forrester et al., 2016). HER2 or ERBB2
receptor has been associated with atherosclerosis development and induction of
proliferation via ERK pathway activation (Spencer et al., 2000)(Jian et al., 2020).
Rat SMCs under intermittent hypoxia (an alternation between hypoxic conditions
and normoxic conditions) demonstrated increased cell proliferation which
contributes to atherosclerosis development, along with increased ERBB2 levels
(Kyotani et al., 2013). Wang et al., showed that ERBB1 phosphorylation was found
elevated in aortas of APOE KO mice under high fat diet and inhibition of ERBB1
reduced lesion size in mice (Wang et al., 2017). Although ERBB3 has no kinase
activity, heterodimerization of ERBB2/ERBB3 can induce signal transduction
(Dreux et al., 2006)(Wieduwilt and Moasser, 2008). All the above studies underlie
the relevance of the genes identified by bioinformatic analysis in atherosclerosis

development.
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4.4 Summary

Small RNA sequencing identified miR-125b-5p to be downregulated in oxLDL-EVs
and 3 snRNAs, RNU2-7p, RNU2-29p, RNU2-57p, to be upregulated in oxLDL-EVs
indicating that oxLDL altered the small RNA cargo of SMC-EVs. Bioinformatic
analysis focused on miR-125-5p and revealed 303 predicted and validated gene
targets for this miRNA. Pathway enrichment analysis identified pathways
regulating cell survival, proliferation, and apoptosis. The most frequent genes in
each GO term category were identified and a pathway hypothesis on how miR-
125b-5p may regulate cell growth and proliferation via regulation of gene

expression.
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Chapter 5 Investigating the characteristics of EVs
isolated from wild type and APOE knockout mice

on normal or high fat diets



5.1 Introduction

EVs can be found in many biological fluids from saliva and blood to breast milk in
health and disease (Chiabotto et al., 2019)(Tripisciano et al., 2020)(Hildebrandt
et al., 2021). Therefore, EVs have attracted a lot of attention as biomarkers. Many
studies have suggested that EV profile alter under pathological conditions and
profiling circulating EVs from plasma or serum to discover novel biomarkers or
assess their functions in disease development may contribute to increased
knowledge of pathological process. Increased levels of circulating EVs had been
shown to correlate with cardiovascular outcome in patients with stable CAD
(Bernal-Mizrachi et al., 2003)(Werner et al., 2006)(Nozaki et al., 2009)(Sinning et
al., 2011). In all these studies, authors highlighted the importance of endothelial-
derived EVs and that increased circulating levels of these EVs could indicate
endothelial dysfunction and act as an independent risk factor for cardiovascular
outcomes in patients with CAD. Numerous studies examined the circulating levels
of EVs in patients with ACS (Boulanger et al., 2017). Circulating EVs of patients
with acute myocardial infarction were found elevated compared to patients with

stable coronary disease (Stepien et al., 2012)(Biasucci et al., 2012).

The mouse became a predominant model to study experimental atherosclerosis
due to high reproduction rates, easy genetic manipulation and induction of
atherosclerotic lesions in a reasonable amount of time (Gistera et al., 2022). The
WT mouse is resistant to lesion development due to increased levels of anti-
atherogenic HDL and decreased levels of atherogenic LDL (Wouters et al., 2005).
The majority of mouse models of experimental atherosclerosis are based on
genetic manipulation of genes involved in lipid metabolism such as APOE or LDLR,
or other mechanical interventions such as injury models e.g. carotid artery ligation
in combination with high fat diet (Ilyas et al., 2022). The APOE knockout mouse
model is most frequently used followed by the LDLR knockout mouse model based
on an analysis of the number of publications from PubMed (Ilyas et al., 2022).
Generation of the APOE knockout mice is achieved via gene knockout or
inactivation of the APOE gene and thus lack of APOE glycoprotein (Meir and
Leitersdorf, 2004). APOE is mainly synthesised in the brain and liver and acts as a
ligand for receptors that clear chylomicrons and very low-density lipoprotein
(VLDL) from the blood. Deletion of APOE gene resulted in increased cholesterol
levels which were reported to be at least quadrupled when mice were fed high fat

diet and about 10-fold normal human levels (Meir and Leitersdorf, 2004). Lesion
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development can be achieved in APOE KO mice with normal chow diet at 10 weeks,
but APOE KO mice can develop lesions in less than 8 weeks after being fed a high
fat diet (Nakashima et al., 1994)(Getz and Reardon, 2012)(Gistera et al., 2022).
The model develops lesions similar to ones developed in humans with an extensive
necrotic core and stable fibrous cap (Getz and Reardon, 2012)(Emini Veseli et al.,
2017). However, the model exhibits some limitations in terms of patient
translation. The APOE KO mouse model for atherosclerosis can only be used to
study the mechanism of lesion progression in aortic sinus and aortic arch but not
to study coronary lesion progression, nor plaque instability or thrombus formation
(Ilyas et al., 2022). However, the APOE KO mouse model has been used to study
the mechanism of plaque rupture either with the use of a stimulus e.g. continuous
infusion of angiotensin Il or prolonged feeding of high fat feeding of APOE KO or
APOE and LDLR double KO or crossbreeding of APOE KO mice with mice presenting
a mutant fibrillin-1 allele results in impaired elastin structure of the vessel wall
and vulnerable atherosclerotic plaques in mice (Matoba et al., 2013)(Van der
Donckt et al., 2015)(Karel et al., 2020).

The LDLR KO mouse model is the second most popular mouse model to study
experimental atherosclerosis. The LDLR is expressed in the liver and is responsible
for the clearance of LDL-C and its expression is regulated by PCSK9 (llyas et al.,
2022). Although APOE gene mutations are rare in patients with
hypercholesterolemia, pathogenic mutations in the LDLR gene have been linked
with human familial hypercholesterolemia (Brautbar et al., 2015). Knockout of the
LDLR gene results in inhibition of LDL-C clearance through the liver and thus ~ 2
fold increased LDL-C levels in plasma (llyas et al., 2022). One advantage of this
model is that it exhibits a lipid profile similar to humans while the APOE KO mouse
does not (llyas et al., 2022). However, LDLR KO mice require a high fat diet in
order to develop atherosclerotic lesions (llyas et al., 2022). Moreover, the model
cannot be used to study coronary lesion progression or plaque instability or
thrombus formation (llyas et al., 2022). Both models have their strengths and
limitations, however the APOE KO mouse model is perhaps more widely utilised as
a model of atherosclerosis than the LDLR KO mouse model due to the fact that it
can develop complex vascular lesions under chow diet when plasma cholesterol
levels are not elevated and lesion progression is accelerated under high fat diet
(Getz and Reardon, 2012).
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Both APOE and LDLR KO mice have been widely used to study the effect of lipid
lowering therapies on lesion progression (llyas et al., 2022). Furthermore, another
popular surgical mouse model has emerged through demonstration that carotid
ligation surgery on APOE or LDLR KO mice fed a high fat diet accelerates
atherosclerosis from 3-4 months to 2-4 weeks (Nam et al., 2009)(Mitra et al.,
2018). Additionally, the adeno associated virus (AVV)-mediated PCSK9-
overexpression mouse model has emerged as a new tool to study atherosclerosis
(Gistera et al., 2022). PCSK9 is responsible for endosomal and lysosomal
degradation of the LDLR (Ilyas et al., 2022). Overexpression of PCSK9 with to a
gain-of-function mutation through adeno-associated viral vector-mediated gene
transfer leads to accelerated LDLR degradation and impaired clearance of LDL-C
resulting in hyperlipidaemia (Ilyas et al., 2022). PCSK9-AAV mice develop
atherosclerotic lesions and high fat diet aggravates lesion progression (Roche-
Molina et al., 2015).

Many studies have suggested that EV profile alters under pathological conditions
and profiling circulating EVs from plasma or serum is utilised to discover novel
biomarkers or assess their functions in disease development. During atherogenesis,
EVs secreted from aortic tissue may influence the disease progression.
Ultrastructural analysis of human healthy aorta and atheromatous lesions showed
EV localisation in ECs and SMCs, but also EVs present in the lesion area were
secreted either from ECs or lesion SMCs (Perrotta and Saveria, 2016). Moreover,
after quantification, they observed significantly higher number of EVs in
atherosclerotic aortas compared to healthy ones (Perrotta and Saveria, 2016). A
study analysed tissue EVs from human calcified aortic plaques collected after
endarterectomy and aortic valves collected after aortic valve replacement after
aortic valve stenosis (Blaser et al., 2020). They observed that EVs from carotid
arteries had increased average size and distinct proteomic profile compared to
EVs from aortic valves (Blaser et al., 2020). These studies offer observations
regarding the potential role for tissue-derived EVs in atherosclerosis progression.
For this reason, it was worthwhile to isolate secreted EVs from aortic tissues of wt

and APOE mice to study the EV profile of secreted aortic tissue EVs.

MiRNAs as the active cargo of EVs have attracted a lot of research interest as
biomarkers. Numerous studies suggest that EV-miRNA levels could be used as

diagnostic markers for CAD prediction. Jansen et al., showed that EV-miRNA levels
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of miR-126 and miR199a but not circulating soluble miRNAs were inversely
correlated with cardiovascular events in patients with stable CAD (Jansen et al.,
2014). Numerous other EV-derived miRNAs, such as miR-133a, miR-143/145, miR-
150, miR-155, miR-214, miR-223, and miR-320b have also been reported as
biomarkers for atherosclerosis risk prediction, summarised in (Lu et al., 2019). EV
cargo could be a potential biomarker of atherosclerosis progression. Since miR-
125b-5p was detected by RNA sequencing in cultured human coronary artery SMC-
derived EVs after oxLDL treatment, it was of interest to determine whether miR-

125b-5p was also present in EVs isolated from a relevant model of atherosclerosis.
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5.1.1 Aims

o Characterise circulating EVs derived from female wt and female APOE

knockout mice +HFD.

o Characterise aortic tissue secreted EVs from wt and Apoe knockout mice
+HFD.

o Detect miR-125b-5p in serum EVs and aortic tissue secreted EVs from wt

and Apoe knockout mice +HFD.
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5.2 Results
5.2.1 Serum EV profile from wt and APOE KO mice

In the previous chapter, the effects of oxLDL, a pro-atherogenic stimulus, on EV
release from cultured human coronary artery SMCs was examined. In these studies,
the circulating EV profile of an animal model of atherosclerosis compared to
control animals was examined. Females were used instead of males as group-
housed male mice in cages tend to be more aggressive, territorial and display
dominance behaviours (Lidster et al., 2019). Moreover, studies have shown that
the use of female mice does not induce variability within the study (Beery, 2018).
EVs were isolated from 50 pL of serum obtain from blood of APOE knockout or wt
mice. EVs were characterised by NTA analysis for average size and concentration
and by western immunoblotting for EV protein marker detection. The design of

the study is summarised in Figure 5-1.

Schedule 1 procedure
and tissue harvest

12 weeks +HFD

Blood collection

|

Standard chow diet (-HFD) >J Iy rortic arch
C57BL/6J wt [ wt -HFD \7), ~ ortic arc
Western high fat diet (+HFD) 7 )
wt +HFD : Thoracic aorta
£
Standard chow diet (-HFD) g |
C57BL/6J APOE KO APOE KO -HFD "]\*-“ Abdominal aorta
Western high fat diet (+HFD) /i \\
APOE KO +HFD

Aortic tissue EVs

Figure 5-1 Design of the study

Following the 12 week diet, mice were terminated. Blood was collected by cardiac
puncture and serum was isolated. The whole aorta was dissected along with the
PVAT. Then it was separated into 3 distinct anatomical parts: aortic arch, thoracic
aorta and abdominal aorta. Parts of the figure were created by using pictures from
Servier Medical Art and BioRender.com. Servier Medical Art by Servier is licensed
under a Creative Commons Attribution 3.0 Unported License.
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A characterisation of female wt and APOE KO mouse models under both diets was
performed. The total body weight of mice after Schedule 1 termination was
measured (Figure 5-2). Body weight measurements showed that high fat diet did
not alter the total body weight of wt mice (wt -HFD Body weight=24.7+0.6, wt
+HFD Body weight=24.8+0.5) (Figure 5-2Error! Reference source not found.). |
ncreased total body weight of APOE KO -HFD mice (Body weight=26.7+2.4) and
APOE KO +HFD mice (Body weight=27.9+1.9) was observed, but no statistical
significance was detected (Figure 5-2). Body weight measurements showed that
high fat diet did not alter the total body weight of APOE KO mice.

Furthermore, observation of the morphology of aortic tissues of wt and APOE KO
mice was performed. Aortic tissues were incubated in MiR05-Kit to allow EV
secretion and media was collected for EV isolation. Next, tissues were embedded
in paraffin and stained with H/E to observe histological changes or lesions as
described in 2.7.6. Imaging analysis was used only for qualitative purposes and to
quantify percentage of lesion areas. No plaque formation was observed in H/E
stained aortic tissues from wt mice (Figure 5-3). Imaging of H/E stained aortic
tissues from APOE KO mice fed chow diet did not detect any lesion formation in
these mice (Figure 5-3). However, lesions were observed in H/E stained aortic
arch and thoracic aorta sections from APOE KO mice fed a high fat diet (Figure
5-3Error! Reference source not found.). No lesions were observed in section from
abdominal aorta from APOE KO mice fed a high fat diet (Figure 5-3).
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Figure 5-2 Characterisation of total body weight of wt and APOE KO mouse
models

Measurements in grams (gr) of total bod wight of 6 months old female wt (-HFD
=5, +HFD=5) and APOE KO mice (-HFD=5, +HFD=5) under normal chow diet or high
fat diet. Body weight was measured after the mice were terminated using the
Schedule 1 method of termination. No difference was observed in weight of 4
groups of mice. Statistical probability of differences was calculated using One-way
ANOVA with post-hoc Tukey’s test (ns= nonsignificant). Data are expressed as the
mean +SEM.
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Figure 5-3 Histology of aortic tissues: arch, thoracic aorta and abdominal aorta
from wt and APOE KO mice

After aortic tissues were incubated in MiR05-Kit and media was collected for EV
isolation, tissues were embedded in paraffin and stained with H/E as described in
2.7.6. Images were acquired at 40x magnification using the EVOS® FL Auto Imaging
System. H/E staining was performed to determine histological changes or plaque
development. (A, B, C) No plaque formation was observed in aortic tissues from
wt -HFD mice. (D, E, F) No plaque formation was observed in aortic tissues from
wt +HFD mice. (G, H, |) No plaque formation was observed in aortic tissues from
APOE KO -HFD mice. (J, K) H/E staining showed that plaque was formed at the
arch and thoracic aorta from APOE KO +HFD, however no plaque was visible in
abdominal aorta from the same mice (L). NC, necrotic core. Haematoxylin stained
dark purple/blue the nuclei, eosin stained pink the cytoplasm.
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EVs were visualised and quantified using a Nanosight LM14 (Figure 5-4). An
example Nanosight trace for serum EVs showed that the majority of EVs quantified
had a size range 30-120 nm (Figure 5-4 A). NTA analysis of mean particle size
revealed no difference between the size of EV population within the 4 groups of
mice. Serum EVs from wt -HFD mice had average particle size 94.6+3.3 nm, serum
EVs from wt +HFD mice had average particle size 91.6+1.4 nm, serum EVs from
APOE KO -HFD mice had average particle size 110.4£5.4 nm and serum EVs from
APOE KO +HFD mice had average particle size of 96.7+4.1 nm (Figure 5-4 B). Serum
EVs from APOE KO -FD mice had larger sizes (110.4+5.4 nm) compared to EVs from
wt -HFD mice (94.6+3.3 nm), but no statistical significance was detected. In both
mice strains, HFD had no effect on circulating serum EV size (Pdiet=0.10). Two-way
ANOVA statistical analysis showed that the phenotype of mice had an effect on
mean particle size (Pphenoype=0.0462). Quantification of the mode size of serum EVs
revealed that EVs had a size range 75-80 nm with no statistical significance being
detected (Figure 5-4 C). Two-way ANOVA analysis showed that phenotype, diet or
interaction (interaction of diet x phenotype) had no effect on mode size of serum
EVs as seen by non-significant Pphenotype, Pdiet and Pinteraction. Pinteraction refers to

interaction of these two factors: diet vs phenotype in chapter 5.

Statistical analysis, based on the Two-way ANOVA, of serum EV concentration
showed that the phenotype of mice (wt or APOE KO) has great effect on EV size
(Pphenotype=0.0005). Moreover, the diet that the mice were fed affected the EV size
(Pdiet=0.0034). Moreover, the interaction of phenotype vs diet had an effect on EV
size (Pinteraction=0.0038). Serum EVs from wt -HFD mice had an average
concentration of 9.2x10'%+1.9x10"2 particles/mL and serum EVs from wt +HFD mice
had an average concentration of 9.9x10'2+8.1x10"" particles/mL (Figure 5-4 D).
Serum EVs from APOE KO +HFD mice were found to have significantly increased
concentration (~6-fold), average particle concentration of 1.2x10"+2.1x10'3
particles/mL, compared to serum EV from APOE KO -HFD mice with average
concentration of 2.2x10"3+3.3x10"? particles/mL (Figure 5-4 D, ****p<0.0001).
Serum EVs from APOE KO +HFD mice were found to be significantly elevated (12-
fold) compared to serum EVs from wt +HFD mice (***p<0.001) and serum EVs from
wt -HFD (***p<0.001) indicating that HFD alone was not responsible for increased
serum EV concentration in APOE KO +HFD mice. Serum EVs from APOE KO -HFD

mice (Concentration: 2.2x10"3+3.3x10"? particles/mL) had elevated concentration
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from wt -HFD mice (9.2x10"2+1.9x10'? particles/mL) with no statistical

significance detected.
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Figure 5-4 NTA analysis of serum EVs from wt and APOE KO mice

EV samples were analysed using a NanoSight LM14. (A) Representative trace of
serum EVs produced by Nanosight showing particle size vs particle concentration.
(B) NTA analysis of mean particle size of serum EVs from wt mice (-HFD n=5, +HFD
n=5) and APOE KO mice (-HFD n=10, +HFD n=10). (C) NTA analysis of mode size of
serum EVs from wt mice (-HFD n=5, +HFD n=5) and APOE KO mice (-HFD n=10,
+HFD n=10). (D) NTA analysis of particle concentration of serum EVs from wt mice
(-HFD n=5, +HFD n=5) and APOE KO mice (-HFD n=10, +HFD n=10). Statistical
probability of differences was calculated using Two-way ANOVA with post-hoc

Tukey’s test (ns= nonsignificant, ***p<0.001, ****p<0.0001). Data are expressed as
the mean +SEM.
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The data were re-analysed in a paired manner (Figure 5-5) to depict NTA analysis
for serum EVs, for each individual mouse strain +/- HFD separately. Paired analysis

did not reveal any other differences in terms of EV size or EV concentration.
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Figure 5-5 NTA analysis of serum EVs from wt and APOE KO mice

NTA analysis of particle size of serum EVs from wt mice (-HFD n=5, +HFD n=5) (A)
and APOE mice (-HFD n=10, +HFD n=10) (B). NTA analysis of particle concentration
of serum EVs from wt KO mice (-HFD n=5, +HFD n=5) (C) and APOE KO mice (-HFD
n=10, +HFD n=10) (D). Statistical probability of differences was calculated using
unpaired Student’s t-test, vs -HFD group (ns= nonsignificant, ***p<0.001). Data are
expressed as the mean +SEM.
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Next, microBCA assay was used to determine protein concentration for EVs derived
from serum of wt and APOE KO mice +HFD and EV marker detection was performed
using western immunoblotting. TSG101, CDé63, CD81 and Annexin 11 were
investigated in serum from wt and APOE KO +HFD (Figure 5-6). TSG101 was
detected in all 4 groups of mice at an apparent molecular weight of 50 kDa.
However, the manufacturer’s guidance suggests that the antibody detected a band
of 47 kDa and a band of 52 kDa. The detection of only one band of 50 kDa according
to the manufacturer’s guidance indicates an impure sample. The reason for this
observation is not clear. CD63 was detected in EVs from all 4 groups of mice at
30-60 kDa agreeing with its predicted detected size per the manufacturer’s
suggestion which ranges from 30-60 kDa. CD81 was found to be enriched in all
serum EV populations. The expected molecular weight of CD81 per manufacturer’s
guidance is 22-26 kDa whereas in these studies it was detected at an apparent
molecular weight of 20 kDa. Finally, Annexin 11 was also detected in EVs from wt
and APOE KO mice at an apparent molecular weight of 50 kDa. The manufacturer’s

predicted size for Annexin 11 antibody ranges from 50-55 kDa.
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Figure 5-6 Characterisation of EV populations isolated from serum of wt and
APOE KO mice

Detection of EV marker TSG101, CD63, CD81 and Annexin 11 on serum EVs from
wt and APOE KO mice confirms the isolation of EVs from these mice. 10 ug of
protein was loaded for each sample (wt -HFD n=1, wt +HFD n=1, APOE KO -HFD
n=1, APOE KO +HFD n=1).
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5.2.2 Profiling EVs secreted from aortic tissue from wt and APOE

KO mice
During dissection, the whole aorta was isolated and separated into 3 distinct
anatomic parts: aortic arch or arch, thoracic aorta, and abdominal aorta. The
PVAT was not separated from aorta during dissection as it has been suggested that
can regulate atherosclerosis progression (Qi et al., 2018). Tissues were then
incubated overnight in Mitochondrial Respiration Medium at 37°C to allow EV
secretion. Aortic tissue secreted EVs were characterised using NTA analysis. The
novelty of the methods relies on the fact that only the secreted EVs from the
cultured vascular tissues were isolated whereas current methods of isolating tissue
derived EVs aim to isolate all EVs encapsulated in tissue cells or extracellular
space. In this study, only EVs which potentially would be secreted from vascular
cells and would be taken up by other cells, meaning they would participate in

cellular communication, were studied.

Arch secreted EVs were visualised and quantified using Nanosight (Figure 5-7). An
example Nanosight trace for arch-EVs showed that the majority of arch-EVs
quantified had a size range 30-120 nm (Figure 5-7 A). Phenotype of mice or diet
or the interaction of diet vs mice phenotype had no impact on arch-EV size as seen
by non-significant Pphenotype, Pdiet and Pinteraction. NTA analysis of mean particle size
of arch secreted EVs showed that arch-EVs did not differ in terms of size across
the 4 groups of mice (Figure 5-7 B). Arch-EVs isolated from wt -HFD mice had
average particle size of 106.8+4.5 nm, arch-EVs isolated from wt +HFD mice had
average particle size of 109.3+10.2 nm, arch-EVs isolated from APOE KO -HFD mice
had average particle size of 103+4.6 nm and arch-EVs isolated from APOE KO +HFD
mice had average particle size of 107.3+3.8 nm (Figure 5-7 B). Phenotype of mice
or diet had no impact on arch-EV mode size as seen by non-significant Pphenotype
and Pdiet. Moreover, interaction of genotype vs diet had an impact on arch EV-
mode size (Pinteraction=0.0234). NTA analysis of mode size of arch secreted EVs
showed arch-EVs from wt -HFD mice had significantly larger mode size (96.1+3.8
nm) compared to arch-EVs from APOE KO -HFD mice (78.7+3.5 nm) (*p<0.05), while
the mode size of arch-EVs from wt +HFD mice (88.0+2.8 nm) was similar to the
mode size of APOE KO +HFD mice (89.1+3.2 nm) (Figure5-7 C).

NTA analysis of particle concentration showed that arch-EVs isolated from wt -

HFD mice had average concentration of 1.4x10"2+5.4x10"" particles/mL, arch-EVs
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isolated from wt +HFD mice had average concentration of 5.4x10"'+1.3x10"
particles/mL, arch-EVs isolated from APOE KO -HFD mice had average
concentration of 1.3x10"2+2.9x10'"" particles/mL and arch-EVs isolated from APOE
KO +HFD mice had average concentration of 1x10'2+2.6x10"" particles/mL (Figure
5-7 D). Phenotype of mice or diet or the interaction between them had no impact
on concentration of arch-EVs. Particle concentration and particle size analysis as
obtained from NTA data suggested that arch-EV concentration or size did not
change across the 4 groups of mice indicating that HFD had no effect on the size

or concentration of arch secreted EVs.
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Figure 5-7 NTA analysis of arch-EVs from wt and APOE KO mice

EV samples were analysed using a NanoSight LM14. (A) Representative trace of
arch-EVs produced by Nanosight showing particle size vs particle concentration.
(B) NTA analysis of particle size of arch-EVs from wt mice (-HFD n=5, +HFD n=5)
and APOE KO mice (-HFD n=4, +HFD n=10). (C) Modal size of arch-EVs from wt mice
(-HFD n=5, +HFD n=5) and APOE KO mice (-HFD n=4, +HFD n=10). (D) NTA analysis
of particle concentration of arch-EVs from wt mice (-HFD n=5, +HFD n=5) and APOE
KO mice (-HFD n=4, +HFD n=10). Statistical probability of differences was
calculated using Two-way ANOVA with post-hoc Tukey’s test (ns= nonsignificant,
*p<0.05). Data are expressed as the mean +SEM.

193



Thoracic secreted EVs were visualised and quantified using Nanosight (Figure 5-8).
An example Nanosight trace for thoracic-EVs showed that the majority of thoracic-
EVs quantified had a size range of 30-120 nm (Figure 5-8 A). NTA analysis of mean
particle size of thoracic secreted EVs showed that thoracic-EVs did not differ in
terms of size across the 4 groups of mice (Figure 5-8 B). Thoracic-EVs isolated from
wt -HFD mice had average particle size of 113.3+4.7 nm, thoracic-EVs isolated
from wt +HFD mice had average particle size of 114.3+5.2 nm, thoracic-EVs
isolated from APOE KO -HFD mice had average particle size of 112.9+2.6 nm and
thoracic-EVs isolated from APOE KO +HFD mice had average particle size of
108.8+4.1 nm (Figure 5-8 B). NTA analysis of mode size revealed no difference in
mode size of thoracic-EVs from wt and APOE KO mice (Figure 5-8 C). NTA analysis
of particle concentration showed that thoracic-EVs isolated from wt -HFD mice
had an average concentration of 2.0x10'?+1.8x10"" particles/mL, thoracic-EVs
isolated from wt +HFD mice had average concentration of 1.6x10'2+3.9x10"
particles/mL, thoracic-EVs isolated from APOE KO -HFD mice had an average
concentration of 1.5x10'2+4.1x10"" particles/mL and thoracic-EVs isolated from
APOE KO +HFD mice had average concentration of 9.3x10'+2.1x10" particles/mL
(Figure 5-8 D). Two-way ANOVA analysis showed that the phenotype of mice or
diet or the interaction of phenotype vs diet had no impact on the size, mode and
concentration of thoracic-EVs as seen by non-significant Pphenotype, Pdiet and
Pinteraction. Particle concentration and particle size analysis as obtained from NTA
data suggested that thoracic-EV concentration or size did not change across the 4
groups of mice indicating that HFD had no effect on size or concentration of

thoracic secreted EVs.
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Figure 5-8 NTA analysis of thoracic-EVs from wt and APOE KO mice

EV samples were analysed using a NanoSight LM14. (A) Representative trace of
thoracic-EVs produced by Nanosight showing particle size vs particle
concentration. (B) NTA analysis of particle size of thoracic-EVs from wt mice (-
HFD n=4, +HFD n=5) and APOE KO mice (-HFD n=4, +HFD n=10). (C) Modal size of
thoracic-EVs from wt mice (-HFD n=4, +HFD n=5) and APOE KO mice (-HFD n=4,
+HFD n=10). (D) NTA analysis of particle concentration of thoracic-EVs from wt
mice (-HFD n=4, +HFD n=5) and APOE KO mice (-HFD n=4, +HFD n=10). Statistical
probability of differences was calculated using Two-way ANOVA. Data are
expressed as the mean +SEM.
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Abdominal secreted EVs from 4 groups of mice were characterised regarding their
particle size and concentration. EVs were visualised and quantified using
Nanosight (Figure 5-9). An example Nanosight trace for abdominal-EVs showed
that the majority of abdominal-EVs quantified had a size range of 30-120 nm
(Figure 5-9 A). Two-way ANOVA analysis showed the phenotype of mice or diet or
interaction of phenotype vs diet have no impact on the size, mode and
concentration of abdominal-EVs as seen by non-significant Pphenotype, Pdiet and
Pinteraction. Analysis of NTA data showed that abdominal-EVs isolated from wt -HFD
mice had average particle size of 104.1+2.8 nm, abdominal-EVs isolated from wt
+HFD had average particle size of 113.3+6.0 nm, abdominal-EVs isolated from
APOE KO -HFD mice had average size of 106.3+5.7 nm and abdominal-EVs isolated
from APOE KO +HFD mice had average size of 106.8+3.3 nm (Figure 5-9 B).
Moreover, NTA analysis of mode size showed no difference in mode size of
abdominal-EVs secreted from wt and APOE KO mice (Figure 5-9 C). Regarding
particle concentration of secreted abdominal EVs, NTA analysis revealed no major
differences in EV concentration from 4 groups of mice (Figure 5-9 D). NTA analysis
showed that abdominal-EVs isolated from wt -HFD had average concentration of
1.8x10"2+1.7x10"" particles/mL, abdominal-EVs isolated from wt +HFD mice had
average concentration of 1.8x10'2+7.7x10"" particles/mL, abdominal-EVs isolated
from APOE KO -HFD mice had average concentration of 1.8x10"2+7.7x10"
particles/mL and abdominal-EVs isolated from APOE KO +HFD mice found to have

average concentration of 9.1x10"'+1.5x10"" particles/mL.
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Figure 5-9 NTA analysis of abdominal-EVs from wt and APOE KO mice

EV samples were analysed using a NanoSight LM14. (A) Representative trace of
abdominal-EVs produced by Nanosight showing particle size vs particle
concentration. (B) NTA analysis of particle size of abdominal-EVs from wt mice (-
HFD n=5, +HFD n=5) and APOE KO mice (-HFD n=4, +HFD n=10). (C) Modal size of
abdominal-EVs from wt mice (-HFD n=5, +HFD n=5) and APOE KO mice (-HFD n=4,
+HFD n=10). (D) NTA analysis of particle concentration of abdominal-EVs from wt
mice (-HFD n=5, +HFD n=5) and APOE KO mice (-HFD n=4, +HFD n=10). Statistical
probability of differences was calculated using Two-way ANOVA with post-hoc
Tukey’s test (ns= nonsignificant). Data are expressed as the mean +SEM.
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5.2.3 miR-125b-5p detection in serum and aortic tissue EVs from
wt and APOE KO mice

After serum circulating EVs were characterised by NTA, the levels of miR-125b-5p
in serum EVs from wt and APOE KO mice was quantified. In Chapter 4, miR-125b-
5p was previously identified by RNA sequencing to be downregulated in SMC-
derived EVs after oxLDL treatment. Serum and secreted aortic tissue EVs were
spiked with a known amount of a synthetic miRNA as described in 2.4.3.1. RT-
gPCR was used to quantify the levels of miR-125b-5p in serum and aortic tissue
EVs.

Relative quantification revealed that HFD resulted in decreased EV-miR-125b-5p
levels in serum of wt mice on high fat diet (RQ=0.30+0.73) compared to EV-miR-
125b-5p levels in serum of wt mice on normal chow diet (RQ=1.0+0.43), however,
no statistical significance was detected due to variability among groups (Figure
5-10 A). Regarding APOE KO mice, relative quantification showed that HFD
resulted in no difference in EV-miR-125b-5p levels (RQ=0.16+0.45) compared to
serum EV-miR-125b-5p levels from APOE KO -HFD mice (RQ=0.18+0.73) (Figure
5-10 A). EV-miR-125p-5p level in APOE KO mice -HFD (RQ=0.18+0.73) were reduced
compared to EV-miR levels in wt mice -HFD (RQ=1.0+0.43), however no statistical
significance was detected. Serum EV-miR-125b-5p levels in APOE KO mice +HFD
mice were significantly reduced compared to EV-miR-125b-5p levels in wt mice on
normal chow diet (*p<0.05). Figure 5-10 depicts relative quantification of EV-miR-
125-5p levels in the 4 groups of mice normalised vs to wt -HFD group of mice. Two-
way ANOVA analysis showed the phenotype of mice (as seen by Ppheotype) had an
impact on the EV-miR125b-5p levels while diet and interaction of phenotype and

diet had no impact on EV-miR-125b-5p levels as seen by Two-way ANOVA analysis.

The data were re-analysed in a paired manner to EV-miR-125b-5p analysis for
serum EVs, for each individual mouse strain +/- HFD separately (Figure 5-10 B, C).
No significant change between EV-miR-125b-5p levels in wt mice was observed
(Figure 5-10 B). Moreover, high fat diet slightly reduced EV-miR-125b-5p levels in
APOE KO mice (RQ=0.89+0.45) compared to APOE KO mice under chow diet
(RQ=1.0+0.73), although this did not reach statistical significance (Figure 5-10 C).
Overall, high fat seemed to reduce EV-miR-125b-5p levels in both mice strains,

but due to variability no significance was detected.
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Figure 5-10 miR-125b-5p levels of serum EVs from wt and APOE KO mice

(A) miR-125b-5p levels in serum EVs from wt and APOE KO mice normalised to
serum EVs from wt -HFD mice. gPCR analysis showed that in wt mice, HFD diet
induced a reduction in miRNA levels on serum EVs, but no statistical significance
was detected. HFD diet slightly reduced levels of EV-miR-125b-5p in APOE KO mice
with no statistical significance detected. (B) miR-125b-5p levels on serum EVs from
wt mice. (D) miR-125b-5p levels on serum EVs from APOE KO mice. Ct values were
normalised to a spike housekeeper miRNA, cel-miR-39. Statistical probability of
differences in expression observed were calculated using Two-way ANOVA with
post-hoc Tukey’s test (*p<0.05 wt -HFD vs APOE KO +HFD, ns= nonsignificant). Data
are shown as RQ values +SEM (wt -HFD n=5, wt +HFD n=5, APOE KO -HFD n=9, APOE
KO +HFD n=9).
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Previously, it was found that circulating EV concentration was significantly
elevated in APOE KO mice under HFD. Another quantification method was used
where miR-125-5p levels were normalised to the particle concentration of each
sample. The analysis process is summarised in Figure 5-11. First, miR-125b-5p
levels and cel-miR39-3p were measured for each sample. The particle
concentration of each sample was logged, and that value was subtracted from the
actual Ct value for miR-125b-5p from each sample generating a new “normalised
Ct value”. For RQ value quantification, the 2-99¢t method was followed where the
“normalised Ct” value of miR-125b-5p for each sample was used. The dCt for each
sample was calculated and next the average dCt for each group was calculated

e.g., wt -HFD mice.

Ct values of each sample were normalised to particle concentration as seen in
Figure 5-11. The new values were plotted as seen Figure 5-12. Phenotype or diet
or interaction of phenotype and diet had no effect on EV-miR-125b-5p levels (when
normalised to particle concentration as seen by not significant Pphenotype, Pdiet and
Pinteraction. HFD in wt mice resulted in reduced circulating levels of EV-miR-125b-5p
(RQ=0.30+£0.75) compared to wt mice -HFD (RQ=1.0+0.37) although this did not
reach statistical significance (Figure 5-12 A, B), agreeing with previous analysis
(Figure 5-10 B). When normalised to particle concentration APOE KO mice +HFD
showed increased EV-miR-125b-5p levels (RQ=0.36+0.48) compared to APOE KO
mice -HFD (RQ=0.24+0.73), however again this did not reach statistical
significance (Figure 5-12 A). That change in EV-miR-125b-5p levels is clearly seen
in Figure 5-12 C when paired comparison of APOE KO -HFD vs APOE KO +HFD mice
is performed (APOE KO -HFD RQ=1.0+0.73, APOE KO +HFD RQ=1.53+0.48).

200



wt -HFD

wt +HFD

wt -HFD

wt +HFD

Figure 5-11 Schematic representation of data analysis process
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Ct values of miR-125b-5p (column C) and cel-miR-39-39 (column E) were
calculated. The concentration of each sample was included in the analysis (column
A). The particle concentration of each sample was logged (column B). Then, the
logged value (column B) was subtracted from the miR-125b-5p Ct value (column
C), generating the “normalised Ct value” found in column D. The dCt (found in
column F) was calculated by subtracting the Ct cel-miR-39-3p from Ct value in
column D. The average dCt for each group of mice was calculated (column G) and
RQ was generated using the 299t method. No experimental values were used for
the generation of this graph. These data are artificial arbitrary values purely to
demonstrate the normalisation process.
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Figure 5-12 miR-125b-5p levels normalised vs particles/mL of serum EVs from
wt and APOE KO mice

In this graph, the Ct values were normalised vs the particle/mL concentration of
each sample. Normalised concentrations were logged and subtracted from the
original Ct value of the sample. Then, normal process to quantify RQ values
following the 299t method was followed. (A) miR-125b-5p levels on serum EVs
from wt and APOE KO mice normalised to serum EVs from wt -HFD mice. (B) miR-
125b-5p levels on serum EVs from wt mice. (C) miR-125b-5p levels on serum EVs
from APOE KO mice. Ct values were normalised to a spike housekeeper miRNA,
cel-miR-39. Statistical probability of differences in expression observed were
calculated using Two-way ANOVA with post-hoc Tukey’s test (ns= nonsignificant).
Data are shown as RQ values +SEM (wt -HFD n=5, wt +HFD n=5, APOE KO -HFD n=9,
APOE KO +HFD n=9).
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Relative quantification of arch-EVs isolated from wt mice and APOE KO mice
showed that HFD did not affect the EV-miR-125b-5p levels in wt and APOE KO mice
fed either normal chow or high fat diet (Figure 5-13 A). In EVs isolated from the
arch, phenotype of mice had an impact on the levels of EV-miR-125b-5p
(Pphenotype=0.01). Two-way ANOVA analysis showed that diet or interaction of
phenotype vs diet had no effect on EV-miR-125b-5p levels from arch-EVs. The
levels of miR-125b-5p were significantly increased in APOE KO mice +HFD
(RQ=7.66+0.69) compared to wt -HFD mice (RQ=1.0+0.85) (Figure 5-13 A). In EVs
isolated from the thoracic aorta, only the phenotype of mice had an impact on
the levels of EV-miR-125b-5p (Pphenotype=0.003). High fat diet did not significantly
alter EV-miR-125b-5p levels in wt and APOE KO mice (Figure 5-13 B). Thoracic EV-
miR-125b-5p levels were found significantly elevated in APOE KO +HFD mice
(RQ=9.23+0.56) compared to wt -HFD mice (RQ=1.0+0.69) (*p<0.05). Regarding
abdominal EVs, phenotype, diet or interaction of phenotype vs diet had no effect
on EV-miR-125b-5p levels (when normalised to particle concentration as seen by
not significant Pphenotype, Pdiet and Pinteraction. Relative quantification of miRNA levels
in abdominal EVs shows that high fat diet did not significantly alter EV-miR-125b-
5p levels in wt and APOE KO mice (Figure 5-13 C).

Finally, the levels of miR-125b-5p in arch, thoracic and abdominal EVs from APOE
KO mice fed a high fat diet were examined separately (Figure 5-13 D). It was found
that EV-miR-125b-5p levels did not alter between arch and abdominal secreted
EVs (arch EVs RQ=1.0+0.69, abdominal EVs RQ=0.91+0.66), whereas EV-miR-125b-
5p thoracic levels were found slightly elevated (thoracic EVs RQ=1.78+0.56)
compared to arch and abdominal EV-miR-125b-5p levels, but this did not reach

statistical significance (Figure 5-13 D).
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Figure 5-13 miR-125b-5p levels on secreted aortic tissue EVs from wt and APOE
KO mice

(A) gPCR analysis shows that in wt mice +HFD diet does not affect the miR-125b-
5p levels in arch-EVs. APOE KO +HFD mice showed increased levels of miRNA in
arch-EVs with no statistical significance. (B) qPCR analysis revealed no difference
in miR-125b-5p levels in thoracic-EVs in wt mice. APOE KO +HFD mice showed
increased levels of miR-125b-5p in thoracic-EVs compared to -HFD group, but no
statistical significance was detected. (C) qPCR analysis showed no difference in
miR-125b-5p abdominal-EV levels to wt and APOE KO mice. (D) gPCR analysis of
arch, thoracic and abdominal miR-125b-5p-EV level from APOE KO +HFD mice. MiR-
125b-5p levels found increased in EVs secreted from thoracic aorta of APOE KO
mice compared to arch and abdominal secreted EVs but no statistical significance
was detected. Ct values were normalised to a spike housekeeper miRNA, cel-miR-
39. Statistical probability of differences in expression observed were calculated
using Two-way ANOVA with post-hoc Tukey’s test (*p<0.05, wt -HFD vs APOE +HFD,

ns= nonsignificant). Data are shown as RQ values +SEM (wt -HFD n=5, wt +HFD n=5,
APOE -HFD n=4, APOE +HFD n=6).
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5.3 Discussion

In this chapter, circulating serum EVs from wt and APOE KO mice +HFD were
characterised. APOE KO mice under HFD had significantly increased serum EV
concentration compared to APOE KO -HFD mice, wt +HFD mice and wt -HFD mice.
The size of circulating EVs was not different between the 4 groups of mice.
Analysis of mode size confirmed no differences in EV size across the 4 groups of
mice. Secreted aortic tissue EVs were isolated from cultured aortic arch, thoracic
aorta and abdominal aorta. No differences were observed regarding the size or
concentration of aortic tissue EVs from wt or APOE KO mice in normal chow or
high fat diet groups. Next, miR-125b-5p which was previously identified from the
small RNA sequencing experiment, was analysed in serum and aortic tissue EVs.
Lower expression levels of miR-125b-5p in serum EVs in both wt and APOE KO mice
after HFD was observed but due to variability within the measurements no
statistical significance was detected. MiR-125b-5p was also successfully detected
in secreted aortic tissue EVs suggesting that cells in the vasculature may secrete
EVs containing miR-125b-5p into the circulation. No changes were observed in
expression levels in aortic tissue EVs between the 4 groups of mice. However, arch
EV-miR-125b-5p and thoracic EV-miR-125b-5p levels were found significantly
elevated in APOE KO +HFD mice compared to wt -HFD mice.

The APOE KO mouse model has been widely used to study atherosclerosis as it can
spontaneously develop lesions which resemble human lesions when mice are fed
standard chow diet (Nakashima et al., 1994). Female and male APOE KO mice
develop lesions and can be used to study atherosclerosis (Marek et al., 2017).
Marek et al., found that at 12 weeks of age both male and female APOE KO mice
fed chow diet developed lesions with females having a higher percentage of lesions
in the aortic arch compared to male mice (Marek et al., 2017). Another study
examined the effect of age and sex on APOE KO mice fed chow diet and their
ability to develop lesions (Liu et al., 2016). Interestingly, the study showed that
at early age (1-2 months) sex had no impact on aortic lesion but as mice grew
older (>3 months), more lesions were observed in male compared to female APOE
KO mice (Liu et al., 2016). However, despite their phenotypic differences, mice
of both sexes have been used in pharmacological studies for atherosclerosis
treatment and studies unravelling the mechanism of the disease. Female APOE KO
mice fed high fat diet have been successfully used to study the anti-inflammatory

and anti-atherothrombotic properties of rosuvastatin (Monetti et al., 2007).

205



Another study examined the plaque stabilising effects of simvastatin on male APOE
KO mice fed normal chow diet (Bea et al., 2002). Although there are some
contradictory evidence regarding lesion properties between female and male
APOE KO mice, research suggests that female mice can be successfully used as a

mouse model for atherosclerosis.

Studies have looked at circulating levels of EVs in mice with or without
atherosclerosis. Kang et al., characterised circulating EVs from C57BL/6N wt male
mice under normal and HFD conditions for six months and showed that circulating
EV concentration with average sizes 211.5-222.5 nm was higher in mice with
atherosclerosis and suggested that EV concentration could be used as a tool for
atherosclerosis detection (Kang et al., 2019). Increased circulating EV
concentration was observed in mice with atherosclerosis in this study indicating
that EV concentration could be used as a biomarker for disease detection. In the
study presented here, the fat fed C57BL/6J APOE KO mouse model was used as
the mouse model for atherosclerosis whereas Kang et al., used C57BL/6N wt male
mice which were fed a HFD for 6 months (Kang et al., 2019). The findings from
the study in this thesis showed that HFD did not affect the concentration of
circulating EVs in wt mice, however the circulating EV concentration from APOE
KO +HFD mice was significantly increased. Moreover, the average sizes of EVs
isolated from the four groups of mice were between 90 and 120 nm. These
differences could arise either from different isolation protocols (UC vs
precipitation in our study) or maybe from the length of the diet (3 months HFD vs
6 months HFD (Kang et al., 2019)). Another difference is the substrain of mice
used in two studies and that could account for some of the differences observed.
Kern et al., compared the two substrains of mice, C57BL/6JRj and C57BL/6NTac,
and showed that the C57BL/6J strain was protected against high fat diet induced
obesity compared to C57BL/6N strain (Kern et al., 2012). Authors also observed
genetic disparity between the two strains of mice which could explain the

phenotypic alteration (Kern et al., 2012).

Comparison of EV concentration from wt mice and APOE KO mice under chow diet,
showed that APOE KO mice had higher average EV concentration compared to wt
mice. Deletion of the APOE gene affects lipid metabolism in APOE KO mice
(Kuipers et al., 1996). Specifically, plasma cholesterol is reported to be 10 times

higher in APOE KO mice compared to wt mice and mRNA levels and activity of
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HMG-CoA reductase, a key enzyme in cholesterol biosynthesis is approximately
50% reduced in APOE KO mice (Kuipers et al., 1996). The reason for the novel
observation that EV concentration is elevated in APOE KO mice fed normal chow
or HFD compared to wt mice is unknown and is speculated that the difference

could be due to APOE gene deletion.

Studies have focused on EVs secreted from diseased tissues as diagnostic tools or
to better understand the disease pathology. The study of tissue derived EVs has
gain a lot of scientific interest with studies aiming to optimise EV isolation
protocols by extracting EVs from tissues (Hurwitz et al., 2019). In this study, aortic
tissues were not dissected or lysed by enzymes, whereas they were cultured in
media to allow EV secretion from vascular cells. A similar protocol was published
where authors studied liver secreted EVs from intact cultured mouse liver or
dissected liver small pieces after 48 hour incubation with culture media (Matejovic
et al., 2021). Although the published protocol and the one used in this study have
similarities, authors used UC for further EV isolation from cultured media whereas
here SEC was used for aortic tissue EV isolation (Matejovic et al., 2021). In this
study, no difference in size of secreted aortic tissue EVs was observed with EVs
from aortic tissue having average sizes ranging from 90-120 nm. However,
Matejovic et al., observed larger size isolated liver derived EVs (>200 nm) isolating
EVs from cultured livers and smaller EVs (100-200 nm) only when liver-EVs were
isolated from digested tissues (Matejovic et al., 2021). The novelty of this method
as well as the one published by Matejovic et al., is that aortic tissues can be

cultured ex vivo secreting EVs which can be characterised by NTA.

NTA analysis showed no difference in concentration of aortic tissue EVs of wt and
APOE KO mice fed either chow or high fat diet. These data indicate that aortic
tissue EVs release may not be disease related. One study, quantified the nhumber
of EVs present in the lymph nodes from atherosclerotic mice and showed that
higher number of EVs was present in lymph nodes, isolated from lymph tissue,
from mice with atherosclerosis indicating that EVs could be used as biomarkers of
lymphatic dysfunction and/or for inflammatory disease progression (Milasan et al.,
2016). In the paper the atherosclerotic mouse model used was female LDLR
knockout mice on a C57BL/6 background fed HFD for eight weeks and compared
to female C57BL/6 wt mice fed on a regular chow diet. EVs isolated from visceral

adipose tissue from HFD-induced obese mice and wt mice were taken up by
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macrophages and caused foam cell formation while EVs isolated from
subcutaneous adipose tissue had no effect on macrophage foam cell formation
(Xie et al., 2018). It was also shown that visceral adipose tissue cultures from HFD-
obese mice released more EVs after 12 hours compared to subcutaneous adipose
tissue cultures from lean mice (Xie et al., 2018). Another interesting finding of
this study was that the systemic administration of EVs from visceral adipose tissue
from HFD-induced obese mice in APOE KO atherosclerotic mice aggravated
atherosclerosis by increasing lipid deposition and macrophage migration to the
plaque area (Xie et al., 2018). These studies highlight the role of tissue EVs as

contributors to disease pathology.

MiR-125b-5p levels were examined in serum EVs from wt and APOE mice and it
was observed that HFD induced a reduction in serum EV-miR-125b-5p levels in both
wt and APOE KO mice. Yerlikaya et al, showed that a 4 week HFD and high sucrose
diet in male Wistar rats resulted in abnormal miRNA expression profile in the
plasma with 19 miRNAs downregulated (miR-130a-3p, miR-320-3p, miR-17-5p,
miR-16-5p, miR-144-3p, miR-93-5p, miR-192-5p, miR-532-5p, miR-106b-5p, miR-
26b-5p, miR-208b-3p, miR-23a-3p, miR-25-3p, miR-15b-5p, miR-195-5p, miR-103-
3p, miR-122-5p, miR-29b-3p and miR-30a-3p)(Yerlikaya and Oz, 2019). MiR-125b-
5p was not one of the miRNAs studied. The rats were placed on HFD and high
glucose diet as this contributes to hyperlipidaemia, glucose intolerance and
atherosclerosis and the authors suggested that these findings would be used as
diagnostic and treatment tools for HFD and high glucose related diseases
(Yerlikaya and Oz, 2019). A direct comparison with the results presented here is
not possible as the authors used male rats and put them under HFD and high
glucose diet whereas this study used female mice which were out under HFD for
12 weeks. Another study examined the miRNA expression levels in adipose tissue
from C57BL/6J wt male mice after 5 months of +HFD (Chartoumpekis et al., 2012).
Authors reported upregulation and downregulation of several miRNAs, however
miR-125b-5p was not detected in that study (Chartoumpekis et al., 2012).
Takanabe et al., examined the levels of miR-143 in male C57BL/6J mice under
chow or HFD in mesenteric fat tissues (Takanabe et al., 2008). Authors reported
significantly elevated levels of miR-143 in mesenteric fat tissues in correlation
with elevated obesity parameters in mice fed HFD (Takanabe et al., 2008).A
transcriptomic analysis study profiled the miRNA expression of adipocytes during

adipogenesis in C57BL/6J mice under chow or HFD and found eight miRNAs
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including miR-125b to be upregulated (miR-422b, miR-148a, miR-99b, miR-103,
miR-30c, miR-30a-5p, miR-125b, and miR-143) and two miRNAs to be
downregulated (miR-221 and miR-222) (Xie et al., 2009). These studies offer clear
examples on how high fat diet may alter miRNA expression, including miR-125b,

as regulators of disease development.

An interesting observation is that APOE KO -HFD mice had reduced, but no
statistically significant, serum EV-miR-125b-5p levels compared to EV-miR-125b-
5p levels from wt -HFD mice. NTA analysis showed that APOE KO -HFD mice had
higher concentration (- 3-fold) of serum EVs compared to wt -HFD mice.
Interestingly, when normalised Ct values were used in the analysis (particle
concentration of each sample was included in the 2-99t analysis), EV-miR-125b-5p
levels were still reduced in APOE KO -HFD mice, which almost reached statistical
significance (p=0.068). EV-miR-125b-5p levels in APOE KO +HFD mice were also
reduced compared to miRNA serum levels of wt +HFD mice, but no statistacally
significant. NTA analysis of EV concentration showed increased EV concentration
(12-fold) in serum of APOE KO +HFD mice compared to wt +HFD mice. When the
normalised Ct values were used in the analysis, EV-miR-125b-5p serum levels of
APOE KO mice were found to be higher. EV-miR-125b-5p levels were found reduced
in APOE KO +HFD mice compared to APOE -HFD mice. Again, EV concentration of
APOE KO +HFD was found significantly increased (~6-fold) compared to APOE KO -
HFD mice and when the data was normalised to particle concentration, increased
EV-miR-125b-5p levels in APOE KO +HFD mice compared to miRNA levels from
APOE KO-HFD mice remained. It seems that in some comparisons, the method of
quantification could affect the data interpretation, however there is no clear
reason why the method of data quantification altered the miR-125b-5p expression
levels in serum EVs from APOE KO +HFD mice and did not affect miR-125b-5p
expression in APOE KO -HFD mice. One possible explanation could be the fold
change in EV concentration. When the EV concentration exhibits 3-fold change, it
seems that EV concentration does not affect EV-miR-125b-5p levels. However,
when the changes in EV concentration between groups are > 6-fold, Ct value
normalisation to particle concentration seems to affect EV-miR-125b-5p
expression levels. However, a more detailed mathematical model is required to
support this observation. It is evident that some other factor apart from particle
concentration may contribute to the change of miR-125-p expression pattern but

this requires further investigation.
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MiR-125b-5p levels from aortic tissue EVs were also examined. EV-miR-125b-5p
expression had a tendency to increase after HFD in wt mice, however there were
no statistically significant differences. In APOE KO mice, HFD showed increased
levels of miR-125b-5p in arch and thoracic EVs, but again this was not statistically
significant. In abdominal EVs, miR-125b-5p was found to be reduced in abdominal
EVs of APOE KO +HFD mice compared to miRNA levels from APOE KO -HFD mice,
but no statistically significant. Although no significant differences were observed
in miR-125b-5p expression of aortic tissue EVs, these studies suggest that a cell
type or cell types in the vasculature package miR-125b-5p into EVs which are
secreted from vascular tissues. Mir-125b-5p is highly expressed in vascular cells
such as murine ECs and SMCs (Li et al., 2010)(Hueso et al., 2022). MiR-125b-5p
expression in murine aortas has been confirmed too (Hueso et al., 2016). Qiao et
al., showed that EVs isolated from supernatant of KLF2 transduced HUVECs were
enriched in miR-125b-5p (Qiao et al., 2020). Another study profiled the miRNA
cargo of EVs isolated from HCASMCs from atherosclerotic plaque segments and
non-atherosclerotic areas of coronary artery media layers from patients
undergoing cardiac transplantation (de Gonzalo-Calvo et al., 2017). Among other
miRNAs, authors confirmed that HCASMC derived EVs were packaging miR-125b-
5p (de Gonzalo-Calvo et al., 2017). A study profiled miRNA cargo of MSCs-EVs
derived from cord blood and adipose tissue and identified miR-125b-5p to be
packaged in EVs derived from adipose tissue (Nazari-Shafti et al., 2020). These
data support our observations that miR125b-5p is secreted from the vasculature

packaged into EVs.

MiR-125b-5p levels in aortic tissue EVs from APOE KO +HFD mice were plotted
separately. MiR-125b-5p levels from thoracic EVs appeared increased compared to
miR-125b-5p levels from arch and abdominal EVs with no statistical significance
being detected. EV-miRNAs have been studied as mediators of disease progression.
MiRNA sequencing profiles of EVs isolated from abdominal aortic aneurysm tissues
have been found to be enriched in miRNAs which were involved in cellular
signalling of aneurysm progression (Botts et al., 2022). A cohort study examined
the effects of adipose-tissue-derived EVs from obese and lean subjects on
cholesterol efflux from macrophages in vitro (Barberio et al., 2019). The study
showed that EVs from obese subjects showed reduced cholesterol efflux and
identified six miRNAs (miR-3129-5p, miR-20b, miR-320d, miR9-5p, miR301a-5pm

and miR-155-5p) in adipocyte serum EVs that participate in cholesterol efflux via
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ABCA1 regulation (Barberio et al., 2019). These studies highlight the importance
of tissue EV-miRNAs in the disease pathology.
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5.4 Summary

The findings presented here show that APOE KO mice, with experimental
atherosclerosis, had significantly increased EV concentration compared to APOE
KO -HFD mice, wt +HFD mice and wt -HFD mice. These data indicate, possibly,
that cells from plaques release higher number of EVs. However in this thesis,
serum EVs were examined instead of EVs directly secreted from plaques. Further
experiments directly characterising EVs released from plaques are required to
support this hypothesis. The size of circulating EVs was unchanged among the 4
groups of mice. NTA size and EV concentration of aortic tissue EVs (arch, thoracic
and abdominal EVs) revealed no differences regarding their size or concentration.
Detection of miR-125b-5p in serum EVs showed that HFD induced lower expression
of miR-125b-5p, although no statistically significant, in wt and APOE KO mice. A
different approach where Ct values were normalised to particle concentration was
used and it was found that in wt mice, HFD induced lower expression of EV-miR-
125b-5p levels, but it was shown that in APOE KO mice, HFD induced higher
expression levels of EV-miR-125b-5p, but no statistically significant. MiR-125b-5p
was also detected in EVs secreted from cultured aortic tissue suggesting that
miR125 is packaged into EVs from cells in the vasculature but no significant
changes in miRNA expression levels in the tissue EVs from the 4 groups of mice

were observed.
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Chapter 6 Investigating the functional role of miR-
125b-5p in SMCs and ECs



6.1 Introduction

Research focuses on finding new therapies for atherosclerosis and miRNA and anti-
miRNA based therapies have been studied extensively. For example, tail vein
injections of miR-181b-5p twice a week for 4 weeks or once a week for 12 weeks
to APOE KO mice fed a HFD produced a 25% reduction in lesion size at the aortic
sinus and approximately 40% reduction of lesion size in the descending thoracic
and abdominal aorta (Sun et al., 2014). Authors suggested that miR-181b-5p
systemic delivery inhibited gene expression of importin-a3 resulting in reduced
nuclear translocation of NF-kB in vascular endothelium and thus reducing the
expression of pro-inflammatory genes (Sun et al., 2014). A transfection agent,
lipofectamine™, was used for the purpose of that study which allows the formation
of liposome around the nucleic acid and allowing them to be taken up by the cells.
Another study used synthetic lipid nanoparticles coated with cationic lipids and a
peptide VHPK to target VCAM1, as vectors for successful delivery of an anti-miRNA
(Kheirolomoom et al., 2015). Cationic coating was used to enhance the escape of
anti-miRNA from the lysosomal compartment and efficient anti-miRNA delivery to
ECs in vitro and in vivo (Gujrati et al., 2014)(Kheirolomoom et al., 2015).
Nanoparticles loaded with anti-miR-712 were injected intravenously to a partial
carotid ligation model of atherosclerosis using APOE KO mice fed a HFD
(Kheirolomoom et al., 2015). Partial ligation of left carotid artery (LCA) involved
the ligation of 3 out 4 branches of the LCA including the external carotid artery,
internal carotid artery, and occipital artery while the superior thyroid artery
remained open (Nam et al., 2009). This model leads to disturbed flow and shear
stress in the artery wall resulting in endothelial dysfunction and atherosclerosis in
the LCA (Nam et al., 2009). Authors observed that mice treated with anti-miR-712
loaded nanoparticles showed significant downregulation of miR-172 in the LCA
which was previously upregulated due to disturbed flow in the artery, reduced
expression of mR-172 target genes in the vascular endothelium, including tissue
inhibitor of metalloproteinase 3 (TIMP3) and reversion-inducing-cysteine-rich
protein with kazal motifs (RECK), and significant reduction in lesion development
(Kheirolomoom et al., 2015). Another study showed that intravenous delivery of
miR-126-5p loaded nanoparticles attenuated atherosclerosis progression in APOE
KO mice fed a HFD via the inhibition of delta like non-canonical Notch ligand 1
(DLK1) and rescued EC proliferation caused by disturbed flow in the artery wall
(Schober et al., 2014).
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EVs, as natural occurring particles, have gained a lot of attention as drug delivery
systems. Electroporation is a popular method of loading EVs with potential
therapeutic cargo including nucleic acids and drugs. An electric pulse creates
small pores in the EV membrane and enhances permeability (Fu et al., 2020). The
efficiency of electroporation can be affected by the use of voltage, the length of
the pulse or the amount of EVs being electroporated (Pomatto et al., 2019).
Wahlgren et al., showed that plasma EVs could be successfully loaded with a siRNA
via electroporation and could deliver the siRNA to recipient monocytes and
lymphocytes with the result of silencing the mitogen-activated protein kinase 1
gene (Wahlgren et al., 2012).

Pathway hypothesis, (Chapter 4), suggested that miR-125b-5p regulates cell
survival and proliferation via transcriptional regulation of target genes including
TP53, STAT3, ERBB2, ERBB3, SP1 and PPP1CA. Cell death and proliferation are
processes associated with atherosclerosis development (Bennett et al., 2016). SMC
phenotypic switching towards a proliferative and migrating phenotype, or a pro-
atherogenic phenotype, has been considered a fundamental step during early
atherogenesis (Bennett et al., 2016). Increased SMC cell proliferation has been
observed in early atherosclerosis and upon vascular injury (Bennett et al., 2016).
Lineage tracking studies have shown that the majority of plaque cells are derived
from proliferating local SMCs (Majesky, 2007). The presence of SMCs in the fibrous
cap suggested that SMC migration is an important factor in disease progression
(Bennett et al., 2016). Cell apoptosis in atherosclerotic plaques has been studied
extensively, with studies suggesting increased cell death in advanced lesions
(Bennett et al., 1995)(Lutgens et al., 1999)(Bennett et al., 2016). Increased SMC
apoptosis has been also implicated in plaque rupture (Clarke et al., 2008). Clarke
et al., showed that SMC apoptosis during early atherogenesis or advanced plaques
resulted in acceleration of disease progression (Clarke et al., 2008). Chronic
apoptosis also induced calcification in early and advanced plaques (Clarke et al.,
2008).

Cell death of ECs also contributes to atherosclerosis progression (Choy et al.,
2001). Such events would have detrimental effects on the disease pathology by
increasing endothelial permeability to molecules and cells including lipids and

monocytes and advancing the plaque development (Choy et al., 2001).
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Furthermore, increased EC apoptosis has been observed in atheroprone areas of
the vasculature (Gerrity et al., 1977)(Heo et al., 2011).

In the present study, modulation of miR-125b-5p levels in SMC-EVs through
electroporation was investigated to examine if miR-125b-5p transfer via EVs could
affect recipient HCASMC cell viability, proliferation and migration through
transcriptional regulation of target pathway genes. A wider role for miR-125b-5p
delivered by EVs was explored in studying recipient HCAEC cell viability. Small
RNA sequencing (Chapter 4) revealed the downregulation of miR-125b-5p in SMC-
EVs after oxLDL treatment. For these studies, the increase of miR-125b-5p levels

loaded into EVs was chosen to force the expression pattern in the opposite way.
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6.1.1 Aims

(@]

Optimise miRNA loading into EVs and delivery to recipient cells.

Characterise miR-125b-5p loaded EVs after electroporation.

Investigate the effects of miR-125b-5p-EVs on recipient HCASMC cell
viability and serum induced HCASMC proliferation.

Investigate the effects of miR-125b-5p-EVs on recipient serum induced
HCASMC migration.

Investigate if miR-125b-5p-EVs regulate gene expression of genes identified

by the bioinformatic analysis.

Investigate the effects of miR-125b-5p-EVs on recipient HCAEC cell
viability.
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6.2 Methods

6.2.1 Working EV concentrations

The initial EV working concentration for all electroporation experiments was
devised by Antoniya Pashova (University of Glasgow) while optimising the miRNA
loading in EVs via electroporation. For a 24 well plate, 5.7x10° particles per well
were used. Using 5.7x10° particles as a reference concentration, the amount of
particles per cm? of surface area was calculated (3x10° particles per cm?) and was

used to calculated EV concentration for future experiments.

In all experiments in this chapter EV treatment was performed in SF media unless

co-stimulation with FCS was stated.

Table 6-1 Working EV concentrations for electroporated EVs

Plate EV concentration Particles per cm?
(Particles/well)
96 well plate 1x10°
24 well plate 5.7x10° 3x10°/cm?
12 well plate 1.5x101"0
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6.2.2 Data normalisation method

A method to normalise data was suggested by statistician Dr John McClure (School
of Cardiovascular and Metabolic Heath, University of Glasgow) to reduce donor to
donor variability. Experimental data regarding MTT cell viability and BrdU cell
proliferation were normalised via this method. The analysis process is summarised
in Figure 6-1. Figure 6-1 depicts triplicate absorbance values for each group for
one experiment (each OD value corresponds to one well of the group). First, the
average value of the blank sample was calculated (column B) and that value was
subtracted from the OD value from each group (column C). The average of all
absorbance values from all groups except the blank was calculated (column D).
The average absorbance per group was calculated in column E. The normalised
absorbance value (column F) generated from the 3 wells per condition was
calculated by dividing the average absorbance of each group (column E) with the
average of all absorbance values for all groups (column D). The normalised
absorbance value or OD value was used to graph cell viability and cell proliferation

assays in this chapter.

A B C D E F
oD Av Blank OD-BL Average of C Average of Normalised OD values
Av of all OD-BL each sample E/D
A1 A2 A3 A1-B A2-B A3-B

Control 0.5 05 0.5 04 04 04 0.4 0.4 1
10% FCS 0.8 0.8 0.8 0.7 0.7 0.7 0.7 1.75
Naive-EVs 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.75
miR-125b-5p-EVs 03 03 03 0.2 0.2 0.2 0.2 0.5

Blank 0.1 0.1 0.1 0.1

Figure 6-1 Schematic representation of data normalisation process

Triplicate absorbance or OD values per group are presented here. The average
value for blank sample was calculated (column B). The average blank value was
subtracted from all the absorbance values (column C). Column D represents the
average of all absorbance values from all the groups. The average absorbance
value for each group (column E) was calculated using the triplicate values in
column C. The normalised absorbance or OD value was generated by dividing the
value in column E by the value in column D. No experimental values were used for
the generation of this graph. These data are artificial arbitrary values purely to
demonstrate the normalisation process.
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6.3 Results

6.3.1 Optimisation of miRNA loading in EVs and miRNA-EV transfer
to recipient HCASMCs

MiRNA loading in EVs via electroporation was performed as described in 2.5.5. EVs
were generated from HCASMCs as described in 2.5.1. For the purposes of these
experiments, only Control-EVs were generated and isolated as described
previously. EV populations were electroporated as described previously in 2.5.5
and two new EV populations generated, Naive-EVs and cel-miR-39-3p-EVs. A
miRNA originating from Caenorhabditis elegans was chosen for optimisation
studies as it would be easier to follow the miRNA loading into EVs and uptake in
recipient cells without confounding factors of endogenous levels of miRNA. NTA
was used to estimate size and concentration of EV populations. To validate the
success of the electroporation, levels of cel-miR-39-3p were measured in Naive
and cel-miR-39-3p-EVs by qPCR. gPCR analysis showed that electroporation was
successful as cel-miR-39-3p levels were 2684.6 higher fold in cel-miR-39-3p-EVs
compared to Naive-EVs (Figure 6-2).
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Figure 6-2 Loading of EVs with cel-miR-39-3p via electroporation

gPCR analysis confirms that cel-miR-39-3p is overexpressed in EVs after
electroporation. Ct values were normalised to a spike housekeeper miRNA, ath-
miR159a. Data are shown as RQ values + SEM (n=1 patient).
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HCASMCs were seeded into a 24 well plate cultured until confluent, and then
quiesced for 48 hours in SF media. Next, they were treated with Naive-EVs and
cel-miR-39-3p-EVs (5.7x10° particles per well) for 6 hours and 24 hours,
respectively. Cel-miR-39-3p transfer to recipient HCASMCs was examined by RT-
gPCR, as described in 2.4.3. After 6 hr cel-miR-39-39-EV treatment, cel-miR-39-
3p expression in recipient cells was increased (RQ=23.56+0.53) compared to Naive-
EV treated cells (RQ=1.0+0.63), indicating that EVs could transfer cel-miR-39-3p
to recipient HCASMCs (Figure 6-3 A). After 24 hr cel-miR-125b-3p-EV treatment,
cel-miR-39-3p expression remained increased (RQ=12.81+0.13) compared to
Naive-EV treated cells (RQ=1.0+0.02), indicating that cel-miR-39-3p was stably

expressed for at least 24 hours following EV transfer (Figure 6-3 B).
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Figure 6-3 Transfer of cel-miR-39 via EVs to recipient HCASMCs

HCASMCs were quiesced for 48 hours before EV treatment. (A) qPCR analysis
detected increased expression of cel-miR-39-3p to cells treated with cel-miR-39-
EVs compared to cells treated with Naive-EVs after 6 hours. (B) qPCR analysis
detected increased expression of cel-miR-39-3p to cells treated with cel-miR-39-
EVs compared to cells treated with Naive-EVs after 24 hours. Ct values were
normalised to an endogenous housekeeper miRNA, RNU48. Data are shown as RQ
values + SEM (n=2 replicates, 1 patient).
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Next, the same approach was used to assess whether miR-125b-5p could be loaded
into SMC-EVs via electroporation (Figure 6-4). QPCR analysis showed that miR-
125b-5p was successfully loaded into EVs via electroporation as miR-125b-5p levels
were significantly elevated by 2232-fold in miR-125b-5p-EVs (RQ=2232.03+0.44)
compared to Naive-EVs (RQ=1.0+0.56) (Figure 6-4).
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Figure 6-4 miR-125-5p loading in SMC-EVs

QPCR analysis confirmed that miR-125b-5p was overexpressed in miR-125b-5p-EVs.
Ct values were normalised to a spike housekeeper miRNA, ath-miR159a. Statistical
probability of differences in expression observed were calculated using paired
Student’s t-test (n=3 patients, vs Naive-EVs **p<0.01). Data are shown as RQ values
+SEM.
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6.3.2 Characterisation of miR-125b-5p loaded EVs

Next, Naive-EVs and miR-125b-5p-EVs, were characterised in terms of size and
concentration using NTA analysis, total protein quantification and EV markers

were detected in EV populations by western immunoblotting.

An example NTA trace for Control-EVs before electroporation showed that the
majority of EVs had a size range 30-150 nm and concentration of 2x107
particles/mL (Figure 6-5 A). Next, Control-EV sample was divided into two equal
fractions for electroporation (Naive-EVs, miR-125b-5p-EVs). A NTA trace for Naive-
EVs showed that the majority of EVs quantified had a size range 30-150 nm and
concentration of 6x10° particles/mL (Figure 6-5 A). An example Nanosight trace
for miR-125b-5p-EVs showed that the majority of EVs quantified had a size range
30-150 nm and concentration of 6x10° particles/mL (Figure 6-5 A). NTA traces of
Naive-EVs and miR-125b-5p-EVs had half the particle concentration compared to
Control-EVs indicating that electroporation did not reduce the expected
concentration of EVs. NTA analysis of mean particle size showed that
electroporation had no significant effect on the size of EVs (Naive-EVs: 137.8+12.7
nm, miR-125b-5p-EVs: 134.5+7.2 nm) (Figure 6-5 B). NTA analysis of mode size
confirmed there were no significant differences in size (Naive-EVs: 116.2+6.4 nm,
miR-125b-5p-EVs: 112.2+8.4 nm) (Figure 6-5 C). NTA analysis of particle
concentration showed no significant difference in particle concentration; Naive-
EVs: 3.3x10"+1.4x10'° particles/mL, miR-125b-5p-EVs:  3.3x10"'+7.3x10"°
particles/mL (Figure 6-5 D).
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Figure 6-5 NTA Characterization of EV populations derived from HCASMC
after electroporation

(A) Representative NTA trace for Control-EVs before electroporation, Naive-EVs
and miR-125b-5p-EVs after electroporation, produced by NTA showing particle size
vs particle concentration. The black line corresponds to a representative trace for
Control-EVs, the green line corresponds to a representative trace for Naive-EVs,
and the purple line corresponds to a representative trace for miR-125b-5p-EVs.
(D) NTA analysis of particle size of EV samples (n=3 patients). (C) NTA analysis of
mode size of EV samples (n=3 patients). (D) NTA analysis of particle concentration
(n=3 patients). Statistical probability of differences was calculated using paired
Student’s t-test (ns= nonsignificant). Data are expressed as the mean +SEM.
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Micro BCA assay was used to determine protein concentration for Naive-EVs and
miR-125b-5p-EVs derived from HCASMCs (Figure 6-6 A). Naive-EVs were found to
have an average concentration of 285.8+11.0 pg/mL whereas miR-125b-5p-EVs
were found to have an average concentration of 604.4+10.9 pyg/mL. The reason
for this observation is not clear. Next, EV marker detection was performed using
western immunoblotting with HCASMC lysate used as a positive control. CD81 was
found to be enriched in both Naive and miR-125b-5p-EVs with an apparent
molecular mass of 20 kDa (compared to manufacturer’s guidance of 22-26 kDa)
(Figure 6-6 B). In both EV populations, Annexin A2 was also detected with a
molecular weight of 35 kDa (Manufacturer’s guidance: 34-26 kDa) and CD63 was
detected with an apparent molecular weight of 30-60 kDa (Manufacturer’s
guidance: 30-60 kDa) (Figure 6-6 B).
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Figure 6-6 Analysis of electroporated SMC-EV protein by western
immunoblotting

(A) Comparison of protein concentration of Naive and miR-125b-5p-EVs (n=2
patients). (B) Detection of EV-markers CD81, Annexin A2 and CD63 on
electroporated EV population derived from HCASMC (n=1 patient for all EV
markers). HCASMC cell lysate was used as positive control. Data are expressed as
the mean +SEM.

228



6.3.3 Effects of miR-125b-5p-EVs isolated from SMCs on recipient

SMC cell viability and serum induced HCASMC proliferation
MiR-125b-5p-EV effect on recipient HCASMC cell viability was investigated.
HCASMCs were seeded into a 96 well plate, quiesced for 48 hours in SF media and
then treated either with SF media (control), 10% FCS, Naive-EVs or miR-125b-5p-
EVs (1x10° particles per well) for 24 hours and cell viability measured using the
CyQUANT™ MTT Cell Viability Assay. Significantly increased cell viability was
observed after the 10% FCS treatment (% viable cells 181.2+0.1) compared to all
groups (control cells: % viable cells 100.0+0.1, **p<0.01, Naive-EVs: % viable cells
112.7+0.1, *p<0.05, miR125b-5p-EVs: % viable cells 116.5+0.1, *p<0.05).. No
difference in cell viability following either Naive or miR-125b-5p-EV treatment was
detected (Figure 6-7). Since MTT Assay does not directly measure proliferation,

next BRdU assay was investigated.
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Figure 6-7 Effect of miR-125b-5p-EVs on HCASMC cell viability

HCASMCs were quiesced for 48 hours and then treated with 10% FCS or Naive-EVs
or miR-125b-5p-EVs in SF media for 24 hours. Cell viability was measured using the
CyQUANT™ MTT Cell Viability Assay. Statistical probability of differences was
calculated using RM One-way ANOVA with post-hoc Tukey’s test (n=3 patients,
**p<0.01 Control vs 10% FCS, *p<0.05 10% FCS vs Naive-EVs, *p<0.05 10% FCS vs
miR-125b-5p-EVs). Data are expressed as the mean of % Viable cells +SEM.
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HCASMCs were seeded into a 96 well plate and quiesced for 48 hours in SF media.
A lower concentration of FCS stimulation was chosen to enable assessment of
whether miR-125b-5p treatment would stimulate or inhibit proliferation induced
by 5% FCS. Cells were stimulated with 5% FCS, or Naive-EVs + 5% FCS or miR-125b-
5p-EV + 5% FCS (in SF media for 24 hours). The 5% FCS treatment displayed
significantly increased BrdU incorporation (1.4+0.08) compared to control treated
cells (0.5+0.1) indicating enhanced cell proliferation (***p<0.001)(Figure 6-8).
Naive-EVs + 5% FCS treated cells showed significant increasing BrdU incorporation
(1.3+0.0.08) compared to control treated cells (**p<0.01), indicating increased
cell proliferation. Naive-EVs + 5% FCS treated cells also displayed similar BrdU
incorporation levels compared to 5% FCS treated cells. MiR-125b-5p-EVs + 5% FCS
treated cells displayed significant reduced BrdU incorporation (0.7+0.3) compared
to 5% FCS treatment (*p<0.05), indicating that miR-125b-5p-EVs treatment
reduced serum induced cell proliferation (Figure 6-8). However, miR125b-5p-EVs
+ 5% FCS treatment showed no difference in BrdU incorporation compared to
Naive-EVs + 5% FCS.
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Figure 6-8 Effect of miR-125b-5p-EVs on serum induced HCASMC proliferation

HCASMCs were quiesced for 48 hours and then treated with 5% FCS or Naive-EVs +
5% FCS or miR-125b-5p-EVs + 5% FCS in SF media for 24 hours. Cell proliferation
was measured using the Cell Proliferation ELISA, BrdU (colorimetric). Statistical
probability of differences was calculated using RM One-way ANOVA with post-hoc
Tukey’s test (n=5 replicates, 3 patients, ***p<0.001 Control vs 5% FCS, **p<0.01
Control vs Naive-EVs + 5% FCS, *p<0.05 5% FCS s miR-125b-5pEVs + 5% FCS). Data
are expressed as the mean +SEM.
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6.3.4 Effects of miR-125b-5p-EVs isolated from HCASMCs on

recipient serum induced HCASMC migration

Next, the effects of miR-125b-5p-EVs on serum induced migration was studied.
HCASMCs were seeded into a 12 well plate and quiesced for 48 hours in SF media.
Next cells were stimulated with 5% FCS, Naive-EVs + 5% FCS or miR-125b-5p-EVs +
5% FCS in SF media. Quiesced control HCASMCs showed 27.4+2.3% scratch closure
in the absence of serum or any other treatment (Figure 6-9 and Figure 6-10). The
5% FCS condition demonstrated 72.4+4.1 scratch closure (Figure 6-9 and Figure
6-10). Naive-EVs + 5% FCS treatment showed 72.9+3.5% scratch closure (Figure 6-9
and Figure 6-10), comparable to the effect observed with 5% FCS alone. MiR-125b-
5p-EVs + 5% FCS treatment demonstrated 64.4+5.4% scratch closure (Figure 6-9
and Figure 6-10) which although not significant was lower compared to the
oercentage scratch closure observed with Naive-EV treatment (Figure 6-9 and
Figure 6-10).
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Figure 6-9 Effect of miR-125b-5p-EVs on serum induced primary HCASMC-
driven scratch closure

Cells were seeded into 12-well plates (1.5x10°> cells/mL), upon reaching
confluence, cells were quiesced for 48 hours in SF media. Cells were horizontally
scratched with a sterile 1000 pyL pipette tip. Scratches were imaged at 10x
magnification using the EVOS XL Core microscope (left panel). The scratches were
imaged again at 20 hours at 10x magnification (right panel). White dotted lines
indicate scratch edges. Scale bar: 200 pm.
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Figure 6-10 Quantification of anti-migratory effect of miR-125b-5p-EVs on
serum induced primary HCASMC-driven scratch closure

Scratches were imaged at 0 hour and 20 hour at 10x magnification using the EVOS
XL Core microscope. The image J software was used to quantify the scratch
percentage closure. Data are expressed as the mean +SEM (n=4 replicates, 2
patients).

235



6.3.5 Effects of miR-125b-5p-EVs isolated from SMCs on recipient

SMC gene expression
The bioinformatic analysis (Chapter 4) identified 6 genes that could potentially be
targets of miR-125b-5p. The pathway hypothesis formed in Chapter 4 suggested
that miR-125b-5p may regulate cell survival and proliferation via transcriptional
regulation of TP53, STAT3, ERBB2, ERBB3, SP1 and PPP1CA. Next, using the same
experimental conditions it was investigated if uptake of miR-125b-5p-EV into

HCASMCs invoked transcriptional regulation of these genes.

HCASMCs were seeded into 24 wells plates and upon reaching confluence, cells
were quiesced for 48 hours in SF media. Cells were stimulated with 5% FCS or
Naive-EVs + 5% FCS or miR-125b-5p-EVs + 5% FCS for 6 hours and 12 hours. Gene

expression was examined by RT-qPCR, as described in Section 2.4.3.

TP53 mRNA expression after 6 hours showed no differences in 5% FCS treated cells
and miR-125b-5p-EVs + 5% FCS treated cells (Control RQ= 1.0+0.06, 5% FCS RQ=
0.65+0.18, miR-125b-5p-EVs + 5% FCS RQ= 0.63+0.30, Figure 6-11 A). However,
Naive-EVs + 5% FCS treatment reduced TP53 mRNA expression compared to control
cells (RQ= 0.60+0.13). TP53 mRNA expression levels at 12 hours showed no
differences in all 5% FCS groups + each EVs (Control RQ=1.0+0.16, 5% FCS
RQ=0.89+0.29, Naive-EVs + 5% FCS RQ=0.92+0.34, miR-125b-5p-EVs + 5% FCS
RQ=1.08+0.12, Figure 6-12 A).

STAT3 mRNA expression at 6 hours showed no differences in all 5% FCS groups *
each EVs (Control RQ=1.0+0.17, 5% FCS RQ=1.21+0.13, Naive-EVs + 5% FCS RQ=
1.14+0.17, miR-125b-5p-EVs + 5% FCS RQ= 1.35+0.58, Figure 6-11 B). STAT3 mRNA
expression at 12 hours showed no differences in 5% FCS treated cells and miR-
125b-5p-EVs + 5% FCS treated cells (Control RQ=1.0+0.3, 5% FCS RQ=0.74+0.29,
miR-125b-5p-EVs + 5% FCS RQ=0.68+0.18, Figure 6-12 B). Reduced STAT3 mRNA
expression was observed after Naive-EVs + 5% FCS treatment (RQ=0.6+0.32)

compared to control cells.

ERBB2 mRNA expression at 6 hours did not change after 5% FCS treatment + each
EVs (Control RQ=1.0+0.25, 5% FCS RQ=1.05+0.29, Naive-EVs + 5% FCS
RQ=0.77+0.17, miR-125b-5p-EVs + 5% FCS RQ=0.83+0.28) Figure 6-11 C). . At 12
hours, ERBB2 mRNA expression levels showed a reduced expression in all 5% FCS
treated cells and miR-125b-5p-EVs + 5% FCS treated cells (Control RQ=1.0+0.04,

236



5% FCS RQ= 0.77+0.11, miR-125b-5p-EVs + 5% FCS RQ= 0.79+0.11, Figure 6-12 C).
Naive-EVs + 5% FCS treatment (RQ=0.66+0.21) resulted in significant reduction of
ERBB2 mRNA levels compared to control cell (*p<0.05).

ERRB3 mRNA expression levels demonstrated no alterations in all 5% FCS groups
+/- each EVs (Control RQ=1.0+0.47, 5% FCS RQ= 1.18+0.33, Naive-EVs + 5% FCS
RQ=0.95+0.40, miR-125b-5p-EVs + 5% FCS RQ= 0.87+0.34, Figure 6-11 D). After 12
hour treatment, ERBB3 mRNA expression showed no differences in all 5% FCS
groups +/- each EVs (Control RQ=1.0+0.3, 5% FCS RQ=0.72+0.71, Naive-EV + 5% FCS
RQ=0.30+0.48, miR-125b-5p-EV + 5% FCS RQ=0.48+0.31, Figure 6-12 D).

SP1 mRNA expression levels at 6 hours revealed no differences in all 5% FCS groups
+/- each EVs (Control RQ=1.0+0.02, 5% FCS RQ=1.15+0.15, Naive-EVs + 5% FCS RQ=
0.94+0.16, miR125b-5p-EVs + 5% FCS RQ= 0.90+0.28, Figure 6-11 E). Again, SP1
MRNA expression at 12 hours showed no differences in all 5% FCS groups +/- EVs
(Control RQ=1.0+0.21, 5% FCS RQ=0.93+0.16, Naive-EVs + 5% FCS RQ= 0.87+0.21,
miR-125b-5p-EVs + 5% FCS RQ=1.0+0.15, Figure 6-12 E).

PPP1CA mRNA expression levels at 6 hours showed no alterations in all 5% FCS
groups +/- each EVs (Control RQ=1.0+0.04, 5% FCS RQ= 1.19+0.13, Naive-EVs + 5%
FCS RQ=1.11+0.12, miR-125b-5p-EVs + 5% FCS RQ=1.02+0.21, Figure 6-11 F). An
increase in PPP1CA mRNA levels at 12 hours was observed in all 5% groups +/- each
EVs (5% FCS treatment RQ=1.58+0.14; vs Control, Naive-EVs + 5% FCS RQ=
1.56+0.06,, miR-125b-5p-EVs + 5% FCS RQ=1.55+0.03) compared to Control treated
cells (RQ=1.0+0.07, Figure 6-12 F).
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Figure 6-11 MiR-125b-5p-EV effect on recipient HCASMC gene expression after 6 hour treatment
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HCASMCs were seeded into a 24 well plate, upon reaching confluence, cells were quiesced for 48 hours and were treated with EVs for 6

hours. Data are shown as RQ values +SEM (n=4 replicates, 2 patients).
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Figure 6-12 MiR-125b-5p-EV effect on recipient HCASMC gene expression after 12-hour treatment

HCASMCs were seeded into a 24 well plate, upon reaching confluence, cells were quiesced for 48 hours and were treated with EVs for 12
hours. Data are shown as RQ values +SEM (n=4 replicates, 2 patients).
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6.3.6 Effects of miR-125b-5p-EVs isolated from SMCs on recipient
EC cell death and viability

MiR-125b-5p is expressed in ECs and has been previously reported to regulate
vascular homeostasis by rescuing ECs by endothelin-1 upregulation after oxLDL
stimulation (Li et al., 2010). It was of interest to investigate the effect of miR-
125b-5p-EVs from SMCs on recipient HCAECs. HCAECs were seeded into a 96 well
plate. Cells were not quiesced as quiescence in low serum media caused
significant cell death (data not shown). To address these challenges, cells were
instead treated with EVs in 2% EV depleted serum or in the presence of complete
serum media (5% FCS). Cells were treated either with serum containing 2% EV-
depleted serum or complete media containing 5% FCS and/or Naive-EVs or miR-
125b-5p-EVs for 4 hours and HCAEC viability was measured using the CyQUANT™
MTT Cell Viability Assay.

In the presence of media containing 2% EV depleted serum, 10% FCS treatment
resulted in increased cell viability (% viable cells 125.2+0.1) compared to control
treated cells (% viable cells 100.0+0.1, Figure 6-13 A), however no statistically
significant. No change in cell viability was observed after Naive-EV treatment
(106.8+0.1) or miR-125b-5p-EV treatment (104.9+0.1, Figure 6-13 A). In the
presence of complete media (5% FCS), 10% FCS treatment did not alter the HCAEC
cell viability (% viable cells 108.0+0.1) compared to Control treated cells in
complete media containing 5% FCS (% viable cells 100.0+0.1, Figure 6-13 B). MiR-
125b-5p-EV treatment resulted in no difference in HCAEC cell viability (% viable
cells 93.0+0.1), similar to Naive-EV treatment (% viable cells 100.9+0.1, Figure
6-13 B).
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Figure 6-13 Effect of miR-125b-5p-EVs on recipient HCAEC cell viability

HCAECs were seeded into a 96 well (4x10* cells/mL). Cells were not quiesced.
Cells were treated for 4 hours with EVs. Cell viability was measured using the
CyQUANT™ MTT Cell Viability Assay. (A) HCAEC cell viability of cells treated with
10% FCS, Naive-EVs and miR-125b-5p-EVs in 2% EV depleted media (low serum
media). (B) HCAEC cell viability of cells treated with 10% FCS, Naive-EVs and miR-
125b-5p-EVs in complete HCAEC media (Endothelial Cell Growth Medium MV).
Statistical probability of differences was calculated using RM One-way ANOVA with
post-hoc Tukey’s test (n=3 patients, ns= nonsignificant). Data are expressed as the
mean of % viable cells +SEM.

241



6.4 Discussion

In this chapter, successful cel-miR-39-3p loading in EVs via electroporation and
successful cel-miR-39-3p-EV transfer to recipient HCASMCs was shown. MiR-125b-
5p loaded EVs were characterised and no difference in terms of size or
concentration was observed after electroporation. MiR-125b-5p-EVs did not affect
recipient HCASMC cell viability or serum induced HCASMC migration. MiR-125b-5p-
EVs significantly reduced recipient HCASMC serum induced proliferation but no
difference in cell proliferation was observed between Naive-EV and miR-125b-5p-
EV treatment. Gene expression of target genes was examined after 6 hour and 12
hour treatment and no differences in mRNA expression was observed after 5% FCS
treatment or 5% FCS +/- Naive or miR-125b-5p-EV treatment. Finally, miR-125b-
5p-EV treatment had no effect on recipient HCAEC cell viability.

Mimic concentration for electroporation experiments was optimised by Antoniya
Pashova based on the protocol provided from Dr Work’s group (both University of
Glasgow). Although mimic concentration was optimised no other electroporation
parameters were optimised as similar electroporation cuvettes and electroporator
had been used in other studies in Dr Work’s group. Published studies have
suggested poor cargo loading in EVs of approximately 25% (meaning 25% of initial
amount of mimic was loaded into EVs) with one study demonstrating 50% miRNA
loading into EVs (Kooijmans et al., 2013)(Momen-Heravi et al., 2014).
Unfortunately, the percentage of mimic loaded into EVs was not calculated in this
study, however gqPCR analysis confirmed highly elevated levels of cel-miR-39-3p
into EVs after electroporation and significantly elevated levels of miR-125b-5p into
EVs after electroporation. In these studies, cel-miR-39-3p, a non-human miRNA,
was used to detect miRNA levels in EVs after electroporation and uptake of miRNA
into cells without confounding effects of endogenous levels of the same miRNA.
RT-gPCR analysis showed increased cel-miR-39-3p levels in EVs after
electroporation and the efficiency of miRNA-EV transfer to recipient HCASMC was
also examined. After 6 hours, cel-miR-39-3p levels were increased 20 times in
HCASMCs and after 24 hours cel-miR-39-3p signal was lower indicating miRNA
degradation. The cel-miR-39-3p mimic was chosen to assess miRNA delivery via
EVs to cells as a method without confounding effects of endogenous miRNAs.
Unfortunately, background contamination was detected in these studies. Cel-miR-
39-3p signal was detected in Naive-EVs and Naive-EV treated cells where it should

not be detected and was also detected in H.0 negative controls during cDNA
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synthesis. However, this contamination was a lab issue as other members within
groups using cel-miR-39-3p in their studies faced the same background
contamination. Due to limited material, the experiment could not be repeated.
Pomatto et al., showed successful cel-miR-39-3p transfer in recipient cells after
24 hour EV treatment (Pomatto et al., 2019). In that study only one timepoint of
miRNA transfer was examined, different voltages of electroporation were used
(500 V, 750V, 1000V) and higher number of pulses (10 pulses) whereas in our study

400 mV and 1 pulse were used to electroporate EVs (Pomatto et al., 2019).

Characterisation of miR-125b-5p loaded EVs showed that electroporation did not
affect size of EVs (Naive-EVs 137.8+12.7 nm, miR-125b-5p-EVs 134.5+7.2 nm). In
Chapter 3, it was shown that secreted EVs from HCASMCs had similar sizes
(Control-EVs 116.9+5.8 nm, oxLDL-EVs 130.9+5.3 nm). These findings agree with
those of Johnsen et al., who showed that electroporation did not alter the size of
electroporated adipose-derived stem cell EVs isolated with UC (Johnsen et al.,
2016). Protein EV markers like CD81, Annexin A2 and CD63, were also detected on
both Naive and miR-125b-5p-EVs as they were detected on freshly secreted SMC-

EVs not subjected to electroporation as shown in chapter 3.2.3.

The pathway hypothesis formed upon the bioinformatic analysis suggested that
miR-125b-5p might control transcriptional regulation of TP53, STAT3, ERBB2,
ERBB3, SP1 and PPP1CA in HCAMSCs and thus affect pathways involved in cell
proliferation, migration, and viability of HCASMCs or HCAECs. In this study, miR-
125b-5p-EV treatment for 24 hours did not affect HCASMC cell viability. This is in
contrast to findings where bone marrow mesenchymal stem cell (BMSC)-miR-125b-
EVs induced significantly increased cell viability following ischemia reperfusion
injury in rat cardiomyocytes (isolated from ventricular tissue of rats after ischemia
reperfusion injury) after 24 hours, 48 hours and 72 hours treatment (Chen et al.,
2020). In that study, BMSCs were transfected with lentiviral vector (LV)-miR-125b
mimic using Lipofectamine 2000 and EVs were isolated 48 hours later (Chen et al.,
2020). Some key differences in that study and the one reported here, is first of all
the different cell type of that the EVs were derived from, the stimulus to the cells,
the method of miRNA overexpression and finally in Chen et al., they do not
mention which mature strand of miR-125b-2 they overexpressed in BMSC-EVs
(Chen et al., 2020). In this study, no difference in cell viability between Naive-EV

treatment and miR-125b-5p-EV treatment was observed. One explanation could
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be that miR-125b-5p-EVs did not affect HCASMC cell viability or different
experimental design should be followed such as higher or lower EV dose or
stimulation of cells with FCS and EVs or stimulation with a different molecule or
examination of the effect of miR-125b-5p-EVs in induced cell death. Another
reason could be the low sensitivity of MTT assay. The detection of cell viability in
this assay is based on the MTT conversion by viable or proliferating cells which can
be affected by numerous factors such the culture medium exhaustion, which could

lead to false positive or negative signals (Hu et al., 2021).

Since no difference in cell viability between Naive and miR-125b-5p-EV treatment
was detected, it was decided to investigate the effect of miR-125b-5p-EVs in
serum induced proliferation of HCASMCs. MiR-125b-5p-EVs reduced serum induced
proliferation of HCASMCs in contrast to Naive-EVs. Baldari et al., showed that
treatment of hepatocellular carcinoma cells with human adipose tissue-derived
mesenchymal stromal cell (ASC)-EVs overexpressing miR-125b-5p resulted in
reduced proliferation of recipient cells (Baldari et al., 2019). Cell proliferation in
that study was estimated in a different cell model, with different cell derived EVs
and miR-125b-5p overexpression was performed using a lentiviral vector
(recombinant vesicular stomatitis virus-pseudotyped lentiviral vector XMIRXpress
miR125-5p)(Baldari et al., 2019). Another study showed that MSC-EVs which were
found to be enriched in miR-125b-5p, promoted proliferation of tubular epithelial
cells in vitro and in vivo (using an ischemia/reperfusion induced acute kidney
injury mouse model) (Cao et al., 2021). Other studies have shown that miR-125b-
5p inhibits proliferation of various cell types (Ouyang et al., 2015)(Hua et al.,
2019). All the above indicate that the outcome of miR-125-5p biological function

could either be cell type dependent.

MiR-125b-5p-EV treatment had no effect in serum HCASMC migration after 20
hours. Naive-EV treatment had similar effect on HCASMC migration as the 5% FCS
treatment. Wu et al., showed that EVs derived from highly invasive pancreatic
cancer -1.0 (PC-1.0) cells promoted migration and invasion of the weakly invasive
PC-1 cells via miR-125b-5p transfer from PC-1.0 EVs to weakly invasive PC-1 cells
(Wu et al., 2020). They also showed that miR-125b-5p cell overexpression
promoted migration of PC-1.0 cells while miR-125b-5p inhibition resulted in
reduced cell migration (Wu et al., 2020). In this study, the effect on miR-125-5p-

EV treatment was observed while cells were co-stimulated with 5% FCS. Other
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studies observed low levels of miR-125b-5p in different types of cancer and
showed that miR-125b-5p overexpression inhibited cell migration (Mei et al.,
2017)(Hua et al., 2019). Another study examined the pre-operative serum levels
of miR-125b-5p showing that low levels of miR-125b-5p were significantly
correlated with microvascular invasion in patients with hepatocellular carcinoma
and could serve as an independent biomarker (Liu et al., 2016). It is important to
mention that scratch assays were performed for two sets of donor cells (n=4
replicates, 2 donor patients). Perhaps, increasing the number of donor cells
examined would result in a clear result as to whether miR-125b-5p-EVs inhibit
HCASMC serum induced migration. Furthermore, the scratch assay is not the most
efficient assay as it cannot properly distinguish between proliferation-and/or
migration-driven scratch closure as both migration and proliferation participate
in wound closure with studies showing that over time proliferative mechanisms
contribute to wound closure (Varankar and Bapat, 2018)(Ammann et al., 2019).
However, the use of a proliferation inhibitor mitomycin C and low serum
concentration is advised to remove confounding proliferation in migration studies
(Grada et al., 2017). Hence, Boyden chamber migration analysis should be added
to this data set in the future. Preliminary studies regarding the functional effect
of miR-125b-5p-EVs in serum induced proliferation and migration suggest that
future studies with miR-125b-5p loaded EVs and anti-miR-125b-5p-EVs are
required to decipher whether miR-125b-5p may exert anti-proliferative and anti-

migratory effects in HCASMCs.

Gene expression of TP53, STAT3, ERBB2, ERBB3, SP1 and PPP1CA was examined in
HCASMCs after 6 and 12 hours of treatment. No differences were observed
regarding gene expression of these genes at the two timepoints. All of the 6 genes
were validated gene targets of miR-125b-5p in different tissues or cell types. The
most efficient way to validate that miR-125b-5p-EV transfer to recipient HCASMCs
targets the pathway genes would be using a luciferase reporter assay, but due to
the time required to optimise and validate a protocol for examining all 6 genes,
that method was not chosen. Another reason explaining the negative results
collected could be the design of the experiment itself, the EV concentration used
or that these genes are not regulated by miR-125b-5p in SMCs. In a preliminary
study, the expression of TP53, STAT3, ERBB2 and SP1 was examined after 18-hour
EV treatment and 5% FCS co-stimulation (data are not shown). No difference in

gene expression between Naive-EV and miR-125b-5p-EV treatment was detected

245



so it was decided that maybe an earlier timepoint should be checked. The pathway
hypothesis was formed based on 6 genes out of 303 predicted and validated gene
targets generated from the bioinformatic analysis, so there are 297 potential

targets of miR-125b-5p to be investigated in future studies.

A study by Zhang et al., showed that in mouse embryonic fibroblasts mechanistic
target of rapamycin complex 1 (mTORC1) upregulated STAT3 expression via miR-
125b-5p downregulation and luciferase activity assay confirmed that STAT3 is a
miR-125b-5p target (Zhang et al., 2020). Moreover, miR-125b-5p overexpression
resulted in reduced cell proliferation in cells with increased mTORC1 activity
(Zhang et al., 2020). MSC-EVs were found enriched in miR-125b-5p reduced
epithelial cell apoptosis in vitro and in vivo via miR-125b-5p targeting of TP53
gene (Cao et al., 2021). Another study showed that hyperglycaemia in ARPE-19
cells resulted in SP1 upregulation and miR-125b-5p downregulation in these cells
(Gong et al., 2019). MiR-125b-5p overexpression in ARPE-19 cells reduced
hyperglycaemia-induced SP1 upregulation with luciferase activity assay confirming
that SP1 is a target of miR-125b-5p (Gong et al., 2019). Moreover, ERRB2 has been
reported as a miR-125b-5p target in small cell lung cancer cells (Yagishita et al.,
2015). Another study reported ERBB3 and ERBB2 as targets of miR-125b with miR-
125b overexpression resulting in reduced ERBB2, ERBB3 gene expression, inhibition
of ERK1/2 signalling pathway and aggravating migration of the breast cancer cell
line SKBR3 (Scott et al., 2007). PPP1CA has been identified as a target of miR-
125b-5p among the p53 network regulating apoptosis (Le et al., 2011). All the
above studies reported that STAT3, TP53, SP1, ERBB2, ERBB3 and PPP1CA are

validated targets of miR-125b-5p in various cell models.

Cell viability of HCAEC was examined after miR-125b-5p-EV treatment. HCAECs
were not quiesced as low serum media caused significant cell death (data not
shown). For this purpose, no quiescence was performed and the effect of miR-
125b-5p-EVs in cells undergoing cell death was estimated (cells in 2% EV depleted
FCS containing media) and in proliferating cells (cells in complete media). MiR-
125b-5p-EVs did not induce or inhibit cell death of recipient HCAECs and showed
no difference in cell viability when compared with Naive-EVs. Since cells were not
quiesced and no synchronisation of cell cycle was established, it is difficult to
draw conclusions regarding the effect of miR-125b-5p-EVs and Naive-EVs on

recipient HCAEC cell viability in these studies. Umbilical cord MSC-EVs under
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hypoxia after skin injury in vitro were found enriched in miR-125b-5p and miR-
125b-5p was responsible for promoting cell viability and proliferation of recipient
ECs via targeting tumor protein p53 inducible nuclear protein 1 (TP53INP1) and
rescuing the hypoxia induced apoptosis in ECs (Zhang et al., 2021). Human
placental microvascular ECs (HPMECs) were subjected to hypoxia followed by
reoxygenation (H/R) to establish pregnancy-induced hypertension cellular model
and miR-125b-5p expression was found significantly reduced after H/R treatment
(Zheng et al., 2022). Overexpression of miR-125b-5p ameliorated the H/R induced
apoptosis in HPMECs via targeting of Bcl2 Modifying Factor gene (Zheng et al.,
2022).
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6.5 Summary

Successful loading of cel-miR-39-3p and miR-125b-5p mimic in SMC-EVs and
transfer of cel-miR-39 to recipient HCASMCs was shown in this chapter. MiR-125b-
5p was successfully overexpressed in SMC-EVs and characterisation of Naive-EVs
and miR-125b-5p-EVs showed that electroporation did not cause any change in the
size of EVs. MiR-125b-5p-EVs did not alter recipient HCASMC or HCAEC cell
viability. Encouragingly, miR-125b-5p-EVs significantly suppressed HCASMC serum
induced proliferation but no difference compared to Naive-EV treatment was
observed. Moreover, miR-125b-5p-EV treatment did not alter in serum induced
HCASMC migration. Gene expression analysis showed no difference in mRNA levels
of target genes after miR-125b-5p-EV treatment compared to Naive-EV treatment.
However, with more time to optimise the experimental conditions and/or a
different pathway hypothesis, EV transfer of miR-125b-5p could be investigated
further for its effects on vascular cell phenotype and ultimately against

atherosclerosis progression.
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Chapter 7 General discussion



7.1 Overall Summary

Atherosclerosis is the most frequent underlying cause of death worldwide. The
disease does not cause death but disease complications including MI, stroke, or
ACS due to plaque rupture and that can be fatal. Current pharmacological
approaches including statins and PSCK9 inhibitors have resulted in reduced LDL-C
levels. Mitigation of other cardiovascular risk factors such as obesity, smoking and
hypertension has contributed to the reduction of the burden of the disease, but
not completely. Therefore, the need for new and effective therapeutic
interventions is urgent. The primary aims of the work presented in this thesis are
to investigate and characterise EVs and their cargo, from vascular cells integral to
the development of atherosclerosis. EVs were isolated from both physiological
conditions and following exposure to pro-atherogenic stimuli to extrapolate these
findings and compare them to relevant models of atherosclerosis. EVs are key

players in the development of atherosclerosis as summarised in Figure 7-1.

Initially, the potential of isolating EVs from HCASMCs was assessed. The previous
method used for EV isolation in our lab was UC, but studies have shown that
despite the distinct advantage the method offers, including removal of
lipoprotein/protein contaminants, it comes with its limitations including EV
aggregation and lower EV yield (Takov et al., 2019). A recent study showed that
SEC can better preserve EV integrity and their biological effects compared to UC
(Takov et al., 2019). Before starting EV isolation with SEC, the elution profile of
SMC-EVs isolated from CCM was assessed to enable optimisation of isolation. The
SEC column was optimised by the manufacturer for EV isolation from plasma
samples. In these experiments, it was found that the void volume and the first 3
fractions contained pure EVs based on EV purity ratio. Therefore, collecting and
combining them was worthwhile despite the manufacturer’s protocol suggestions
for serum/plasma EV isolation where it was recommended to exclude the void
volume. Overall, characterising and optimising the EV elution profile for EVs
isolated from cultured cells was worthwhile for both evidence of the SEC method
and also to maximise the EV yield for downstream experimentation. Gaspar et al.,
reported an optimised protocol with alterations compared to the manufacturer’s
protocol using SEC to isolate EVs from plasma (Gaspar et al., 2020). Authors
reported higher EV and RNA yield, reduced cellular contamination in the isolated
samples and higher purity of the isolated EV samples while using their optimised

SEC protocol (Gaspar et al., 2020). Next, an appropriate dose of oxLDL for HCASMC
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stimulation was determined. A range of oxLDL doses (10 pg/mL, 40 ug/mL and 60
pg/mL) were examined. The lower oxLDL working concentration 10 pg/mL, was
chosen as cell imaging data confirmed sufficient oxLDL uptake by HCASMCs and no
cell death was observed according to the MTT data. Published evidence also
suggests that high oxLDL concentration (>40 pg/mL) can result in cell death
(Kataoka et al., 2001)(John Liu et al., 2014). The lower oxLDL dose was used for
all other experiments. More importantly, results suggest that oxLDL stimulation
did not alter EV release from HCASMC in terms of size, morphology, or
concentration. Furthermore, no functional response, regarding cell death, was
observed in recipient HCASMCs and HCAECs while exposed to either control or
oxLDL-EVs. In contrast, a publication reported that EVs secreted from
macrophages, after oxLDL treatment, can induce an anti-migratory effect on
recipient macrophages (Nguyen et al., 2018). This highlights the effects of EVs
isolated from oxLDL-stimulated SMCs in other cell types may have revealed effects
and is worth investigating. Next, the EV internalisation by recipient HCAEC was
examined. Control and oxLDL-EVs were labelled with PKH67 with significantly
lower uptake of oxLDL-EVs compared to Control-EVs. The results were analysed in
recipient HCAECs. However, it is important to interpret results carefully as
although PKHé67 is a popular fluorescence stain for EV imaging and is associated
with limitations such as staining lipoprotein particles or protein contaminants of
the samples. This can result in detection of non-EV stained particles (Takov et al.,
2017)(Puzar Dominkus et al., 2018).

Nguyen et al., investigated cel-miR-54-EV transfer from +/- oxLDL treated
macrophages to recipient naive macrophages, and found that EVs from oxLDL
treated macrophages can transfer higher number of cel-miR-54 copies to recipient
cells (Nguyen et al., 2018). Uptake of EVs by recipient cells was not quantified in
the study. However, this study provides evidence that oxLDL treatment can alter
miRNA-EV transfer (Nguyen et al., 2018).

The next studies investigated the effect of oxLDL treatment on the small RNA
cargo of SMC-EVs. Small RNA sequencing of SMC-EVs revealed small RNA species
packaged into SMC-EVs. Of the 112 miRNAs, which were profiled in SMC-EVs, a
differential expression analysis identified only miR-125b-5p to be downregulated
after oxLDL treatment. Interestingly, miR-125b-5p was also found to be expressed

in oxLDL-EVs by a different method of analysis of the RNA sequencing experiment.
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In that approach, the counts were normalised to the total genetic material within
the sample. Furthermore, two other miRNAs, miR-199b-5p and miR-199a-5p, were
identified to be downregulated after oxLDL treatment. OxLDL is a potent
stimulating agent and other studies have reported its effect on small RNA cargo of
EVs (Nguyen et al., 2018)(He et al., 2018). He et al, showed that 24 hr oxLDL
stimulation (50 pg/mL) of HUVECs could result in an increase miR-155 expression
in secreted EVs (24hr EV secretion) (He et al., 2018). Mouse peritoneal
macrophages and mouse bone-marrow derived macrophage (BMDM) secreted EVs
(24 hr EV secretion) showed increased expression of miR-146a, miR-128, miR-185,
miR-365, and miR-503 after 24 hr oxLDL (50 pg/mL) stimulation (Nguyen et al.,
2018). MiR-125b-5p levels in HCASMCs were also investigated in response to oxLDL
treatment. It was shown that oxLDL treatment (24 hr) resulted in increased
cellular miR-125-5p levels in contrast with downregulation of miR-125b-5p in
HCASMCs after 48 hr EV secretion. Another study showed that oxLDL treatment
(24 hr) induced a reduction in miR-125b-5p expression in recipient HAVSMCs (Li et
al., 2015). The different expression patterns in response to oxLDL could be
attributed to the different cell model used for each study. HAVSMCs used by Li et
al., were isolated from aorta, while HCASMCs, used in these studies, were isolated
from coronary arteries. A genetic lineage tracing study showed that postnatal
coronary vessels in neonatal mouse arise de novo instead of expanding from pre-
existing embryonic vasculature. This indicates that SMCs populating coronary
arteries come from a different source from SMCs, which populate the aorta as they
arise from mesoderm (Tian et al., 2014). MiR-125b-5p has been implicated in
atherosclerosis development. Studies have examined levels of miR-125b-5p and
observed increased miRNA levels in patients with ACS (Jia et al., 2016). Other
studies have localised miR-125b-5p expression in human aortas from CAD patients

and also in murine aortas (Hueso et al., 2016)(Hueso et al., 2022).

Further bioinformatic analysis for miR-125b-5p and pathway enrichment analysis
suggests thatmiR-125b-5p may regulate cell survival and proliferation of recipient
cells via transcriptional regulation of TP53, STAT3, SP1, ERBB2, ERBB3 and
PPP1CA. Other studies report that miR-125b-5p/STAT3 pathway regulates cell
proliferation in mouse embryonic fibroblasts and that miR-125b-5p overexpression
can inhibit cell proliferation via targeting STAT3 (Zhang et al., 2020). STAT3 is an
important regulator of vascular biology (Liao et al., 2015). Daniel et al., showed

that in a mouse model of neointima lesion formation following wire-induced
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injury, STAT3 activation was increased in the neointima lesion area (Daniel et al.,
2012). STAT3 inhibition with WP1066, a highly potent inhibitor of STAT3 signalling,
abolished STAT3 activation along with reduced proliferation and migration of SMCs
in neointimal lesions (Daniel et al., 2012). The pathophysiologic mechanism of
several vascular disease including atherosclerosis and neointima formation after
stent placement is characterised by SMC proliferation and migration (Dzau et al.,
2002). SMC apoptosis can also promote plaque instability, as SMCs make up the
fibrous cap and their secreted collagen fibers are detrimental for the strength of
the fibrous cap (Kockx and Herman, 2000). TP53 is another validated target of
miR-125b-5p (Cenariu et al., 2021). P53-mediated SMC apoptosis has been
implicated in the pathogenesis of abdominal aortic aneurysms (Holmes et al.,
1996)(Mayr et al., 2002). Furthermore, activation of SP1 transcription factor has
been suggested to promote SMC apoptosis (Kavurma et al., 2001). These studies
highlight that miR125-5p and its gene targets regulate pathways, which are

relevant to the role of VSMCs in atherosclerosis development.

Small RNA sequencing identified 3 U2 snRNAs, RNU2-7p, RNU2-29p, RNU2-57p, to
be upregulated in oxLDL-EVs compared to Control-EVs. U2 snRNAs are part of the
spliceosome which is responsible for splicing of more than 90% of human pre-
mRNAs (Jia et al., 2012). Time was limited to further explore the function of these
small RNAs in splicing processes. Alternative splicing could have detrimental
effects for the progression or treatment of the disease and has been implicated
previously in atherosclerosis. Medina et al., showed that an alternative spliced
variant of the HMG-CoA reductase gene (HMGCR), HMGCRv_1, which was identified
in lymphocytes isolated from participants in the Cholesterol and
Pharmacogenetics study, demonstrated reduced sensitivity to statin-mediated
inhibition of HMG-CoA resulting in a smaller reduction of plasma cholesterol levels
(Medina et al., 2008). Furthermore, a study reported a change in VEGF-A splicing
towards an atherogenic VEGF1¢s in aortic ECs and macrophages from APOE KO mice
under HFD suggesting that alternative splicing of VEGF-A may contribute to lesion
development during atherosclerosis (Zhao and Zhang, 2018). In this particular
study, increased aortic EC proliferation and apoptosis of aortic macrophages
isolated from APOE KO mice fed with a HFD compared to APOE KO mice fed with
a normal chow diet was observed. APOE KO mice fed HFD developed lesions while
mice fed chow diet did not (Zhao and Zhang, 2018). SMCs and their phenotypic

plasticity are key contributors to atherosclerosis development. Transcriptome-
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wide studies have reported several alterations in alternative splicing of
differentiated SMCs (Green et al., 2021). Xie e al., showed that serine/arginine
splicing factor 1 (SRSF1) expression was upregulated in SMCs after vascular injury
in vivo and proliferative stimuli in vitro (Xie et al., 2017). SRSF1 upregulation
resulted in alternative splicing of p53 towards a proliferative isoform activating
KLF5 and increasing SMC proliferation (Xie et al., 2017). Therapeutic targeting of
alternative splicing in SMCs pathologies, like atherosclerosis, is therefore being

explored as a new therapeutic target (Green et al., 2021).

Next, the effect of oxLDL on EV release from HCASMCs was investigated, and it
was found that oxLDL treatment did not affect SMC-EV release or did alter the size
or the concentration of EVs secreted from VSMCs. Several previous studies have
shown increased systemic circulating levels of EVs in CAD, highlighting that EV
profile can alter under various pathological conditions (Sinning et al.,
2011)(Jansen et al., 2014). One reason for the difference in the findings could be
that while the circulating EVs are secreted from a number of cells and organs,
including immune cells, platelets and ECs this thesis examined EVs released from
HCASMCs. However, to extrapolate the findings to the in vivo setting, a further
investigation is needed to understand the EV profile from female wt and APOE KO
mice under normal chow or high fat diet for 12 weeks. It was found that APOE KO
mice with experimental atherosclerosis had a higher number of circulating EVs
compared to APOE KO mice fed chow diet and wt mice under both diets. A previous
study examined the effect of high fat diet, (6 months) on C57BL/6N wt male mice,
and found elevated circulating EV concentrations, suggesting that circulating EVs
could be used as a diagnostic tool for atherosclerosis detection (Kang et al., 2019).
In the studies presented in this thesis, the data was in agreement since increased
circulating numbers of EVs were observed in female ApoE KO mice fed a high fat
diet indicating that EV concentration may be elevated in mice with experimental
atherosclerosis of both sexes. However, a difference between the two studies is
that in the studies presented here the APOE KO mouse model (under high fat diet
for 3 months) was used to establish atherosclerosis while authors used wt mice fed
a prolonged high fat diet (6 months) (Kang et al., 2019). Next, a novel method was
used to isolate EVs secreted from cultured aortic tissues, including the aortic arch,
thoracic aorta and abdominal aorta, from wt and APOE KO mice fed either chow
diet or HFD. Although no difference in size or concentration was observed between

the EVs secreted from these different vascular tissues, this method of isolation
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indicated that intact cultured vascular tissues secreted EVs. Further, experiments
such as flow cytometry could enable the identification of the cellular source of
these secreted EVs. However, it needs to be mentioned that EVs were secreted
from cultured tissues ex vivo and thus interpretation of the results should be
performed with caution with regard to extrapolation to the in vivo setting. In
previous publications, secreted EVs were successfully isolated from cultured
mouse liver using a similar protocol to the one used in this study as an effort to
directly collect EVs from tissues and improve the use of EVs as diagnostic tools
(Matejovic et al., 2021). A further difference was that the authors used UC for
isolation of secreted EVs from liver (Matejovic et al., 2021), while SEC was used
in this thesis. Matejovic et al., observed that EVs isolated from liver had larger
sizes (>200 nm) when isolated from cultured intact livers compared to smaller EVs
with size range of 100-200 nm, isolated from digested liver tissues (Matejovic et
al., 2021). These latter EVs were similar in size to the aortic tissue EVs isolated in
these studies. After miR-125b-5p was found to be packaged into SMC-EVs and
oxLDL treatment was responsible for its differential expression, EV-miR-125b-5p
expression in serum of wt and APOE KO mice was examined. It was found that HFD
resulted in lower miR-125b-5p levels, however, not statistically significant, in the
serum EVs for both wt and APOE KO mice. Circulating levels of miR-125b-5p have
also been reported to be increased in patients with ACS compared to healthy
subjects (Jia et al., 2016). Other studies have highlighted that increased plasma
miR-125b-5p expression was associated with unfavourable outcomes in stroke
patients (He et al., 2019). Overall, these studies support the translational
significance of further exploring the use of miR-125b-5p as a biomarker for
atherosclerosis progression. EV-miR-125b-5p levels were also examined in
secreted EVs from cultured aortic tissues. No significant change in EV-miR-125b-
5p levels was observed in aortic tissue EVs from wt and APOE KO mice. However,
secreted EVs from aortic tissues which could participate in cell-cell
communication were successfully isolated and it was shown that miR-125b-5p is

packaged in EVs from vascular cells.

MiR-25b-5p was identified to be endogenous cargo in SMC-EVs and it was shown
that EVs with endogenous miR-125b-5p did not affected cell viability of recipient
HCASMCs and HCAECs. Next key aspect of the thesis was the investigation of
exogenous miR-125b-5p loading into EVs as to whether miR-125b-5p loaded EVs

(miR-125b-5p-EVs) would regulate recipient cell viability, proliferation and
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migration based on the pathway hypothesis formed previously. Electroporation
was chosen to load EVs with miR-125b-5p. Although previous studies have
suggested poor performance of the method (when comparing the number of copies
of miRNA initially and the number of copies of miRNA being loaded into EVs)
(Kooijmans et al., 2013), sufficient loading of cel-miR-39-3p and transfer of cel-
miR-39-39-EV to HCASMCs was shown. Alternative methods of miRNA modulation
in EVs allow the delivery and expression of high levels of miRNA in cells of interest
and subsequent secretion of EVs encapsulating the over-expressed molecule.
MiRNA modulation methods include genetic modification of EV-producing cells by
transfection with miRNA-expressing plasmids or viral vectors loaded with pri-
miRNA mimic or miRNA mimic or cell transfection with miRNA mimic using a
transfection agent like lipofectamine. This approach can offer the advantage of
accurate dosing of miRNAs incorporated into EVs (Martellucci et al., 2020).
Electroporation also offers accurate loading dose of miRNA electroporated into
EVs, however, leakage of cargo while EV pores are still open is a limitation
associated with the process (Munir et al., 2020). Phenotypic switching of SMCs
towards a proliferative and migrating phenotype has been considered as a key step
during early atherogenesis (Bennett et al., 2016). SMC migration into the intima,
during lesion formation, as well as, neointima formation following angioplasty, is
common in humans (Allahverdian et al., 2018). Treatment with miR-125b-5p-EVs
did not affect recipient HCASMC cell viability, as measured with MTT assay,
however MTT assay may not be the best tool to study cell viability due to its low
sensitivity (Hu et al., 2021). Preliminary evidence suggested that miR-125b-5p-EVs
altered serum-induced proliferation of recipient HCASMCs and lower cell migration
was observed after miR-125b-5p-EV treatment. However the data collected did
not reach a statistical significance. Increasing the number of donor cells in future
experiments could provide a robust conclusions. Further studies suggested that
miR-125b-5p-EVs did not regulate gene expression of TP53, STAT3, SP1, PPP1CA,
ERBB2 and ERRB3 at the EV dosage and timepoints used for these studies. Further
studies are required to fully determine whether miR-125b-5p loaded EVs regulate

cell proliferation and migration of vascular SMCs.

It was also observed that oxLDL treatment induced miR-125b-5p upregulation in
HCASMCs and 48 hours later miR-125b-5p levels were found reduced. This initial
miR-125b-5p upregulation could be a protective mechanism by HCASMCs against

atherogenic stimulation. However, miR-125b-5p downregulation and decreased

256



levels of miR-125b-5p packaged into SMC-EVs could aggravate early atherosclerosis
via a paracrine method of communication. This is a hypothesis which would require
further investigation with in vitro experiments and in vivo studies. In vitro
experiments could examine the effect of EVs loaded with antagomiR-125-5p and
miR-125b-5p in disease related processes (cell proliferation, migration and SMC
differentiation) in SMCs. Furthermore, in vivo studies of mice with atherosclerosis
treated with the modulated EVs, described previously, could examine the effect
of miR-125b-5p modulation in the progression of atherosclerosis. A similar
observation was suggested by Nguyen et al., where authors reported that
macrophages exposed to oxLDL secreted EVs which modulated macrophage
migration (Nguyen et al., 2018). MSC-derived nanovesicles (artificially produced
vesicles by serial extrusion through filters) were found enriched in miR-125b-5p
(2-fold increase) and miR-100-5p (1.5 fold increase) and treatment with MSC-
nanovesicles inhibited PDGF-induced proliferation, migration, and phenotype
switching of pulmonary artery SMCs (PASMCs) (Hu et al., 2022). In this thesis,
electroporation resulted in a 2000-fold increase of miR125b-5p levels in SMC-EVs.
However since the relative expression levels were measured in these studies and
in the studies by Hu et al., and not the copy number of miR-125b-5p, so it is not
possible to determine if there is difference between the levels of miR-125b-5p in
SMC-EVs and the published data on MSC-nanovesicles. All these studies support the
idea that miR-125b-5p loaded EVs or anti-miR-125b-5p-EVs are worthwhile to

investigate further regarding their potential for atherosclerosis treatment.
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Figure 7-1 Overview of EVs in atherosclerosis

EVs participate in all stages of atherosclerosis progression, from early fatty streak
to plaque destabilisation and thrombus formation. Adapted from ((Deng et al.,
2019) published under a Creative Commons CC-BY license).
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7.2 Future Perspectives

The initial aims of this thesis to understand if SMC-EV release would alter under
an atherogenic environment and later study the EVs regarding their contribution
to atherosclerosis development (Figure 7-1). Characterisation of EVs, mainly
involved NTA analysis of particle size and particle concentration, analysis of
protein concentration using Micro BCA™ Protein Assay and EV protein marker
detection by western immunoblotting and finally imaging of EV structure using
TEM, all of which are recommended methods of characterisation by ISEV (Théry
et al., 2018). However, the MISEV 2018 guidelines suggest the use of EV markers
ranging from 3-5 categories, and also including the detection of non-EV marker
proteins, such as albumin or apolipoproteins often co-isolated with EVs as negative
markers (Théry et al., 2018). In these studies, three EV markers (CD81, CD63 and
Annexin A2) were detected, while the detection of a non-EV marker was not
examined. However, it was found that oxLDL was not co-isolated with EVs or it
was not encapsulated in SMC-EVs. Future studies would benefit from further EV
characterisation via western blotting including investigation of non-EV markers.
However, there are some limitations associated with this method of
characterisation. The majority of EV isolation protocols will isolate a mixture of
EV populations and there is not an established protein marker to distinguish them
(Ramirez et al., 2018). More recent, studies have reported that the method of
isolation can also impact the EV marker protein content (Gamez-Valero et al.,
2016)(Allelein et al., 2021). There are other methods of EV marker detection
gaining popularity and offering advantages like flow cytometry or ELISA (Serrano-
Pertierra et al., 2020). ELISA is commonly used for protein, peptide or antibody
detection and quantification of an antibody used to detect the target molecule
(Serrano-Pertierra et al., 2020). Regarding EV research, ELISA can offer detection
and quantification of cellular markers to identify the cellular source of EVs or
functional EV proteins (Serrano-Pertierra et al., 2020). However, this method is
not suitable for EV quantification due to EV heterogeneity, with EV subtypes
demonstrating different membrane proteins (Serrano-Pertierra et al., 2020). Flow
cytometry is a single cell analysis technique allowing detection and quantification
where one or more fluorescent antibodies are used for target detection (Serrano-
Pertierra et al., 2020). By attaching EVs to microbeads, proteins markers on EVs

can be qualitatively and quantitatively studied, as well as enable identification of
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proteins related to the cellular source of EVs, or proteins related to their function

(Serrano-Pertierra et al., 2020).

HCASMCs stimulated with oxLDL were used to mimic the early atherogenic
environment in the vessel wall. A low concentration of oxLDL was chosen so as to
prevent cell death, however purchasing commercially oxidised LDL for this scale
of experiments comes at a cost (John Liu et al., 2014). Even though oxLDL is a
potent stimulator and key molecule involved in atherosclerosis progression, it had
no effect on the EV release from HCASMCs, although oxLDL stimulation did alter
the small RNA cargo of SMC-EVs. Future studies might benefit from either a slightly
increased oxLDL concentration (e.g., 20 yg/mL) or an alternatively less costly
stimulus. The higher oxLDL concentration (20 pg/mL) was not investigated to
determine if it would cause cell death to recipient HCASMCs or other phenotypic
changes. Perhaps a higher oxLDL concentration would alter the SMC-EV release
and would result in an increased number of differentially expressed miRNAs. An
alternative stimuli able to mimic early atherogenic conditions can be other lipids
such as oxidised lipids, lipoprotein or shear stress (Reusch et al., 1996)(Ichikawa
et al., 2002)(Pidkovka et al., 2007). Moreover, potentially less costly stimulus
would involve cytokines like transforming growth factor 8 (TGFB), PDGF, TNF-a or
IL-6 that could be used in future studies and compare their effect on SMC-EV
release to that of oxLDL (Tousoulis et al., 2016)(Lian et al., 2020)(Zhu et al.,
2021). Moreover, comparison studies among the different pro-atherogenic stimuli
mentioned above would potentially lead to different miRNAs being differentially
expressed in EVs and identify specific miRNAs being induced or not by certain

stimuli.

Small RNA sequencing of SMC-EVs after oxLDL stimulation identified miR-125b-5p,
and 3 snRNAs, RNU2-7p, RNU2-29p and RNU2-57p to be upregulated. In these
studies, the role of miR-125b-5p-EV transfer to recipient cells and its potential
anti-migratory and anti-proliferative role was investigated. Future studies would
explore the role of the previously identified U2 snRNAs and their implication in
the disease progression. Small RNAs have gained a lot of interest as biomarkers for
several pathologies. Research suggest that Ro-associated non-coding RNAs (RNYs)
could be used as an independent diagnostic biomarker for CAD and atherosclerotic
burden (Repetto et al., 2015). Furthermore, a different method to analyse data

from the RNAseq experiment also identified two other miRNAs, miR-199b-5p and
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miR-199a-5p, which were also found to be downregulated in SMC-EVs after oxLDL
stimulation. Future studies could investigate the role of miR-199b-5p and miR-
199a-5p (loaded EVs) in atherosclerosis progression. MiR-199a-5p has been
suggested to regulate the NOS/NO pathway in the endothelium. MiRNA inhibition,
with an antagomir, resulted in increased NO signalling and improved function of
the endothelium (Joris et al., 2018). Another study reported that miR-199a is
implicated in cardiac hypertrophy (Song et al., 2010). Authors showed increased
miR-199a expression in rat hypertrophic hearts, whereas downregulation of miR-
199a expression in cardiomyocytes (neonatal rat ventricular myocytes) reduced
cell size in phenylephrine-stimulated cardiomyocytes (Song et al., 2010). A recent
study examined the role of miR-199b-5p in EC apoptosis (Cui et al., 2022). Authors
reported that oxLDL stimulation in HUVECs induced miR-199b-5p downregulation
and apoptosis, while miR-199b-5p reversed the effect of oxLDL (Cui et al., 2022).
Furthermore, miR-199a-3p and miR-199b-3p (tissue-specific miRNAs derived from
internal thoracic artery of CAD patients undergoing coronary artery bypass grafting
(CABG)) have been reported to significantly correlate with cardiovascular risk
factors such as hypertension and hypercholesterolemia (Neiburga et al., 2021).
The role of miR-199b and miR-199a encapsulated in EVs has also been studied.
Circulating serum levels of EV-miR-199 have been examined in patients with
acute-graft-versus-host disease (reaction of donor immune cells against host
tissues after hematopoietic stem cell transplant). The EV-miR-199 levels at 14
days for post-transplant were found reduced compared to 0 days. The authors
suggested that the role of EV-miR-199 in the acute-graft-versus-host disease
biology required further investigation (Crossland et al., 2016b). Another study
showed that treatment of APOE KO mice fed a HFD with EVs derived from oxLDL-
induced THP-1 macrophages, which encapsulated miR-199a-5p, exacerbated
atherosclerosis promotion. Increased plaque size in mice treated with EVs
encapsulating miR-199a-5p was observed and authors suggested that miR-199a-5p

could be a new target for treatment of arthrosclerosis, (Liang et al., 2022).

The results obtained from the analysis of serum EVs from wt and APOE KO mice
suggest that HFD in APOE KO mice, which is a mouse model of experimental
atherosclerosis, resulted in increased numbers of circulating particles is in
agreement with the literature (Kang et al., 2019). Characterisation of serum EVs
involved NTA analysis of particle size and particle concentration, analysis of

protein concentration using Micro BCA™ Protein Assay and EV protein marker
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detection by western immunoblotting, all of which are recommended methods of
characterisation by ISEV (Théry et al., 2018). Further EV characterisation could
involve analysis of EV structure by TEM and detection of the cellular source of
isolated EVs from serum using flow cytometry. Characterisation of aortic tissue
secreted EVs was performed only with NTA. Future studies would benefit from EV
characterisation involving EV marker detection, imaging of EV structure using TEM,
and finally detect the cellular origin of secreted tissue EVs. Moreover, it was found
that HFD lowered EV-miR-125b-5p expression in serum from wt and from APOE
KO mice, agreeing to a certain extent with the RNAseq data. Nonetheless, serum
EVs contain a mixture of EVs from multiple cells/tissues and therefore likely a
limited number of SMC-EVs can be found (Li et al., 2020). MiR-125b-5p expression
in serum EVs was examined based on RNAseq data and showed that miR-125b-5p
was packaged into SMC-EVs. Advantageous to the research could also be a further
investigation from either a higher number of animals being studied, so that
conclusive results can be derived for miR-125b-5p levels or alternatively
microarray studies analysing the miRNA profile of serum EVs from wt and APOE KO
mice. Moreover, a modified plan regarding high fat diet over a longer time frame
could be used to investigate if that further modified miR-125b-5p levels. Based on
the findings further future studies could benefit from the examination of the EV
profile in other experimental models of atherosclerosis such as the LDLR KO mouse
model fed a high fat diet or the AVV-mediated PCSK9-overexpression mouse model
under a high fat diet (llyas et al., 2022)(Gistera et al., 2022).

Studies regarding the aortic tissue secreted EVs from wt and APOE KO mice did
not find any difference in EV profile or alterations in miR-125b-5p-EV levels.
Characterisation of aortic tissue secreted EVs was performed only with NTA.
Future studies would benefit from EV characterisation involving EV marker
detection, imaging of EV structure using TEM, and finally detect the cellular origin
of the vascular tissue secreted EVs. Identifying the cellular origin of aortic tissue
EVs would help correlate the RNAseq data with our findings, suggesting that miR-

125b-5p is packaged into EVs originating from cells in the vasculature.

These studies also analysed the functional effects of miR-125b-5p loaded VSMC-
EVs in vitro. Although, no significant changes were observed, this could be
attributed to many reasons which could be further investigated in future studies.

MiR-125b-5p-EV treatment induced a significant reduction in cell proliferation (vs
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control cells, not Naive-EV treated cells) and did not alter migration of recipient
HCASMCs. Potentially, increasing the concentration of mimic being loaded into the
EVs, could induce a clearer response in recipient cells (Pomatto et al., 2019). Due
to time commitments, only one dose of loaded EVs was tested to study cell
viability, cell proliferation, migration and gene expression responses in recipient
cells. A dose response and timepoint study could be beneficial for future studies.
Another option would be to perform a pre-treatment with EVs before adding 5%
FCS + EVs, as 5% FCS is a strong stimulus and would mask the effect of EV
treatment. The scratch assay studies were performed in two sets of donor cells
(n=4 replicates, 2 donor patients) and in addition increasing the number of donor
cells would produce a clear result to determine whether miR-125b-5p-EVs inhibit
HCASMC serum induced migration. Another limitation of using replicates of donor
cells instead of increasing the number of donors, is that statistical analysis when
using replicates is not possible. Moreover, one limitation of the scratch assay is
that it cannot properly distinguish between proliferation-and/or migration-driven
scratch closure (Vang Mouritzen and Jenssen, 2018). Future studies would also
benefit from Boyden chamber migration analysis, where confounding effects of
cell proliferation are not considered (Chen, 2005). In addition, future studies
where all the previous parameters are optimised would benefit from the inclusion
of miR-125b-5p inhibition via antagomir-loading into EVs and investigation of the
functional effect of miR-125b-5p and anti-miR-125b-5p loaded EVs. These studies
investigated the effect of miR125b-5p loaded EVs as the RNAseq identified miR-
125b-5p was downregulated after oxLDL treatment. Therefore we forced the
miRNA expression in the opposite direction. Moreover, miRNA mimic loading into
EVs via electroporation was already optimised by Dr Lorraine Work’s group
(University of Glasgow). It would also be of interest to determine any downstream
signalling of miR-125b-5p-EV treatment, since preliminary studies indicated that
miR-125b-5p may not regulate gene expression of TP53, STAT3, SP1, PPP1CA,
ERBB2 and ERRB3. Most importantly, the pathway hypothesis was formed based on
6 out of 303 gene targets generated by the bioinformatic analysis, so there are
297 potential gene targets of miR-125b-5p to be investigated. Moreover, a new
bioinformatic analysis using a commercial pathway analysis software like ingenuity
pathway analysis (IPA), could be helpful to offer more relevant enriched pathways.
These tools could provide an interesting approach to from a pathway hypothesis.

Another limitation of these studies was the inability to quiesce HCAECs as it caused
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significant cell death. HCAECs were chosen as they are the other main cell type
of the coronary arteries and are in intimate contact with VSMCs and therefore an
appropriate cell type to investigate cell-cell communication with the HCASMC
(Lakota et al., 2009). Another option would be the use of another endothelial cell
type like HUVECs, however that would diminish the translational value of the
studies. Finally, the preliminary in vitro studies would benefit from in vivo studies
examining the effect of miR-125b-5p-EV modulation (antagomiR-125b-5p and miR-

125b-5p mimic) in mice with experimental atherosclerosis.

One general limitation of this thesis was the use of replicates of donor cells instead
of n=3 or more number of donor cells in some experiments. The caveat of not
using n=3 or 4 number of donor cells did not allow statistical analysis of these
experiments, thus diminishing the translational value of these experiments. These
types of experiments are worth repeating with the appropriate n number of donor
cells. Another limitation using donor cells, which has already been discussed, was
the heterogeneity that introduced in results as EVs isolated from different donors

showed heterogenous cell response to recipient cells.

The translational significance of the studies would be improved by the
examination of serum miR-125b-5p-EV levels in patients with CAD or ACS vs
healthy participants One limitation of these studies was that in vitro results were
extrapolated to an animal model but not to clinical human samples. The mouse
model of atherosclerosis offers a degree of relevance to humans but examining
EV-miR-125b-5p levels in human samples would add greater value to translational
perspectives of this study. Another set of experiments that would add translational
value to this thesis, would be the examination of EVs isolated or secreted from
atherosclerotic plaque specimens vs EVs isolated from non-atherosclerotic vessels.
Healthy and diseased vessels could be cultured ex vivo similarly to animal aortic
tissues in chapter 5 and EV characterisation and miR-125b-5p EV level detection
could performed. These studies would offer insight into whether miR-125b-5p-EV
levels could be considered for use as a future biomarker for the evaluation of CAD

progression, or the detection of a coronary event in CAD patients.
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7.3 Conclusions

In summary, the data in this thesis showed that oxLDL stimulation of HCASMCs did
not alter SMC-EV release profiles, but did alter the small RNA cargo of secreted
EVs with miR-125b-5p found to be downregulated and RNU2-7p, RNU2-29p, RNU2-
57p found to be upregulated in EVs after oxLDL stimulation. Moreover, APOE KO
mice with experimental atherosclerosis, demonstrated lower levels of miR-125b-
5p in serum EVs, complementing the in vitro findings. Preliminary in vitro data of
SMC-EVs loaded with miR-125b-5p suggested that serum-induced cell proliferation
of vascular SMCs was significantly reduced (when compared to untreated cells and
to Naive-EV treated cells), although serum-induced cell migration was not altered
after miR-125b-5p-EV treatment. Future studies are needed to elucidate the
functional role of miR-125b-5p loaded EVs in the setting of atherosclerosis and
answer the over-arching hypothesis of this thesis, that SMC-EVs during

atherogenesis is a cell-controlled response.
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